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ENGINEERED MICROBES AND METHODS
FOR MICROBIAL OIL OVERPRODUCTION
FROM CELLULOSIC MATERIALS

RELATED APPLICATION

This application claims priority under 35 U.S.C. §119(e) to
U.S. provisional patent application Ser. No. 61/663,391, filed
Jun. 22, 2012, the entire contents of which are incorporated
herein by reference.

GOVERNMENT SUPPORT

This invention was made with Government support under
Grant No. DE-AR0000059 awarded by the Department of
Energy. The government has certain rights in this invention.

BACKGROUND

Sustainably produced biofuels are an alternative to fossil
fuels and may help to alleviate the depletion of easily acces-
sible fossil fuel stocks, such as cellulosic biomass, while
avoiding fossil fuel-associated pollution and greenhouse gas
emission, thus satisfying a rising demand for affordable
energy in a sustainable way. The development of methods and
oil-producing organisms suitable for the efficient conversion
of carbon sources to lipids is prerequisite for widespread
implementation of microbial biofuel production.

SUMMARY OF CERTAIN ASPECTS OF THE
INVENTION

Microbial oil production by heterotrophic organisms is a
most promising path for the cost-effective production of bio-
fuels from renewable resources provided high conversion
yields can be achieved. The key to cost-effective microbial oil
production from renewable feedstocks is a high carbohydrate
to oil conversion yield. Additionally, the use of available and
abundant cellulosic biomass feedstocks for biofuel produc-
tion is currently limited by the high cost and energy associ-
ated with processing such sources. Metabolic engineering has
emerged as the enabling technology applied to this end and
numerous examples exist of successful pathway engineering
that markedly improved the performance of microbial bio-
catalysts in the synthesis of chemical, pharmaceutical and
fuel products.

Prior efforts at engineering microbes for oil production
have focused on amplifying presumed rate-controlling steps
in the fatty acid synthesis pathway, using traditional carbon
sources such as glucose. Significant drawbacks of such
approaches include the high cost of a glucose-based feed-
stock, and that increasing carbon flux into fatty acid synthesis
pathways increases the level of saturated fatty acids in the
cell, which activate a potent negative feedback loop of fatty
acid biosynthesis.

Some aspects of this disclosure provide a strategy for
microbe engineering that combines the utilization of nontra-
ditional carbon sources, such as those obtained from cellulo-
sic materials, including xylose, with amplification of
upstream (metabolite-forming pathways, also referred to
herein as “push”) and downstream (product-sequestering
pathways, also referred to herein as “pull”) metabolic path-
ways. Some aspects of this invention provide that a balanced
combination of push-and-pull modifications in a microbe
results in large carbon flux amplifications into lipid synthesis
pathways without significant departures of the concentrations
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of intermediate metabolites from their homeostatic physi-
ological levels, thus avoiding feedback inhibition of lipid
synthesis.

Some aspects of this disclosure provide engineered
microbes, and methods of use thereof, that can utilize carbon
sources from cellulosic biomass that are not typically or effi-
ciently metabolized for lipid synthesis. In some aspects, such
a carbon source in cellulosic biomass is xylose.

According to one aspect of the invention, isolated oleagi-
nous cells are provided. The cells include a genetic modifi-
cation that increases expression of: a) a xylose reductase
(XYL1) gene product and a xylitol dehydrogenase (XYL2)
gene product; and/or b) a xylose isomerase (XYL A) gene
product. In some embodiments, the cells also include a
genetic modification that increases expression of a xyluloki-
nase (XYL3) gene product. In some embodiments, the cells
also include a genetic modification that increases expression
of a diacylglycerol acyltransferase (DGA) gene product, an
acetyl-coA carboxylase (ACC) gene product, a stearoyl-
CoA-desaturase (SCD) gene product, and/or an ATP-citrate
lyase (ACL) gene product.

In some embodiments, the genetic modification includes a
nucleic acid construct that increases the expression of the
gene product, the nucleic acid construct comprising (a) an
expression cassette comprising a nucleic acid sequence
encoding the gene product under the control of a suitable
homologous or heterologous promoter, and/or (b) a nucleic
acid sequence that modulates the level of expression of the
gene product when inserted into the genome of the cell. In
certain embodiments, the promoter is an inducible or a con-
stitutive promoter.

In some embodiments, the promoter is a TEF promoter. In
some embodiments, the expression construct further com-
prises an intron. In certain embodiments, the intron is down-
stream of the transcription initiation site. In some preferred
embodiments, the intron is within the nucleic acid sequence
encoding the gene product.

In some embodiments, the nucleic acid construct inhibits
or disrupts the natural regulation of a native gene encoding the
gene product resulting in overexpression of the native gene.
In certain embodiments, inhibition or disruption of the natural
regulation of the native gene is mediated by deletion, disrup-
tion, mutation and/or substitution of a regulatory region, or a
part of a regulatory region regulating expression of the gene.

In some embodiments, the gene product is a transcript. In
other embodiments, the gene product is a protein.

In some embodiments, the nucleic acid construct is
inserted into the genome of the cell.

Insome embodiments, the increased expression of the gene
product confers a beneficial phenotype for the conversion of
a carbon source to a fatty acid, fatty acid derivative and/or
triacylglycerol (TAG) to the cell. In certain embodiments, the
beneficial phenotype is a modified fatty acid profile, a modi-
fied TAG profile, an increased fatty acid and/or triacylglyc-
erol synthesis rate, an increase conversion yield, an increased
triacylglycerol accumulation in the cell, and/or an increased
triacylglycerol accumulation in a lipid body of the cell.
Increased in this context means increased relative to cells that
do nothave increased expression of the gene product. In some
embodiments, the synthesis rate, yield or accumulation of a
fatty acid or a TAG of the cell is at least 2-fold increased as
compared to unmodified cells of the same cell type. In certain
embodiments, the synthesis rate, yield or accumulation of a
fatty acid or a TAG of the cell is at least 5-fold increased as
compared to unmodified cells of the same cell type. In some
embodiments, the synthesis rate, yield or accumulation of a
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fatty acid or a TAG of the cell is at least 10-fold increased as
compared to unmodified cells of the same cell type.

In some embodiments, the cell converts a carbon source to
a fatty acid or a TAG at a conversion rate within the range of
about 0.025 g/g to about 0.32 g/g (g TAG produced/g Glucose
consumed). In some embodiments, the cell converts a carbon
source to a fatty acid or a TAG at a conversion rate of at least
about 0.11 g/g. In some embodiments, the cell converts a
carbon source to a fatty acid or a TAG at a conversion rate of
at least about 0.195 g/g. In some embodiments, the cell con-
verts a carbon source to a fatty acid or a TAG at a conversion
rate of at least about 0.27 g/g.

In some embodiments, the cell comprises a lipid body or
vacuole.

In some embodiments, the cell is a bacterial cell, an algal
cell, a fungal cell, or a yeast cell. In certain embodiments, the
cellis an oleaginous yeast cell. In preferred embodiments, the
cellis a ¥ lipolytica cell.

According to another aspect of the invention, cultures are
provided that include the oleaginous cells described herein. In
some embodiments, the culture also includes a carbon source.
In some embodiments, the carbon source comprises a fer-
mentable sugar. In certain embodiments, the fermentable
sugar is a C5 and/or a C6 sugar. In some embodiments, the
carbon source includes glucose. In some embodiments, the
carbon source includes xylose. In certain embodiments, the
xylose is at a concentration of about 8% wt./vol. In some
embodiments, the carbon source includes arabitol.

In some embodiments, the carbon source includes glyc-
erol. In certain embodiments, the glycerol is at a concentra-
tion of about 2% wt./vol.

In some embodiments, the culture includes a carbon/nitro-
gen (C/N) ratio of about 100.

According to another aspect of the invention, methods are
provided. The methods includes contacting a carbon source
with an isolated oleaginous cell as described herein and incu-
bating the carbon source contacted with the cell under con-
ditions suitable for at least partial conversion of the carbon
source into a fatty acid or a triacylglycerol by the cell.

In some embodiments, the carbon source comprises a fer-
mentable sugar. In certain embodiments, the fermentable
sugar is a C5 and/or a C6 sugar. In some embodiments, the
carbon source includes glucose. In some embodiments, the
carbon source includes xylose. In certain embodiments, the
xylose is at a concentration of about 8% wt./vol. In some
embodiments, the carbon source includes arabitol.

In some embodiments, the carbon source includes glyc-
erol. In certain embodiments, the glycerol is at a concentra-
tion of about 2% wt./vol.

In some embodiments, the method includes a carbon/ni-
trogen (C/N) ratio of about 100.

In some embodiments, the carbon source contacted with
the isolated oleaginous cell is incubated in a reactor. In some
embodiments, the carbon source is contacted with the isolated
oleaginous cell and incubated for conversion of the carbon
source to a fatty acid or a triacylglycerol in a fed batch
process. In other embodiments, the carbon source is con-
tacted with the isolated oleaginous cell and incubated for
conversion of the carbon source to a fatty acid or a triacylg-
lycerol in a continuous process.

In some embodiments, the fatty acid or the triacylglycerol
is extracted from the carbon source contacted with the iso-
lated oleaginous cell by solvent extraction. In certain embodi-
ments, the solvent extraction is a chloroform methanol
extraction. In other embodiments, the solvent extraction is a
hexane extraction.
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In some embodiments, the fatty acid or the triacylglycerol
is separated from the carbon source contacted with the iso-
lated oleaginous cell and subsequently refined by transesteri-
fication.

According to another aspect of the invention, methods for
increasing productivity of production of fatty acid or triacylg-
lycerol by an oleaginous cell are provided. The methods
include culturing an oleaginous cell as described herein or a
culture as described herein with at least two types of carbon
sources, wherein the first type of carbon source contains or is
xylose, and wherein the second type of carbon source is a
carbon source other than xylose. In such methods the produc-
tivity of production of fatty acid or triacylglycerol by an
oleaginous cell is improved relative to culturing the cell or the
culture without the second type of carbon source.

In some embodiments, the second type of carbon source
contains or is a C2 carbon source, a C3 carbon source, a C5
carbon source other than xylose or a C6 carbon source.

In some embodiments, the methods also include culturing
the oleaginous cell or the culture and the at least two types of
carbon sources under conditions suitable for at least partial
conversion of the carbon source into a fatty acid or a triacylg-
lycerol by the cell or the culture.

In some embodiments, the xylose is at a concentration of
about 8% wt./vol.

In some embodiments, the second type of carbon source
includes glucose. In some embodiments, the second type of
carbon source includes arabitol. In some embodiments, the
second type of carbon source includes glycerol. In certain
embodiments, the glycerol is at a concentration of about 2%
wt./vol. In some embodiments, the second type of carbon
source comprises cellulosic material.

In some embodiments, the method comprises a carbon/
nitrogen (C/N) ratio of about 100.

The subject matter of this application may involve, in some
cases, interrelated products, alternative solutions to a particu-
lar problem, and/or a plurality of different uses of a single
system or article.

Other advantages, features, and uses of the invention will
be apparent from the detailed description of certain non-
limiting embodiments, the drawings, which are schematic
and not intended to be drawn to scale, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1. Diagnosing the functionality of endogenous xylose
utilization genes. (A) Diagram of utilization pathways for
xylose, xylitol, and D-arabitol. (B) Shake flask experiments
with control strain MTYL038 grown on these substrates dem-
onstrate growth on D-arabitol, poor growth on xylitol, and no
growth on xylose.

FIG. 2. (A) Growth of adapted Y [ipolytica strain
MTYLO81 on xylose as sole carbon source in minimal media
shake flask, compared to unadapted MTYLO81 and control
strain MTYL038 that underwent the adaptation protocol. (B)
Transcriptional comparison of the xylose utilization pathway
of an adapted Y. lipolytica strain and an unadapted strain.
psXYL1 and psXYL2 are heterologously expressed from S.
stipitis, while y1XYL1, y1XYL2, y1XYL3 are the endog-
enous putative xylose utilization pathway.

FIG. 3. Cofermentation of xylose with glucose (A), glyc-
erol (B), or D-arabitol (C). Cultures were grown on 20 g/L.
xylose and 4 g/LL of the secondary substrate.

FIG. 4. 2-L bioreactor fermentation of strain MTYLO81 on
glycerol and xylose. C/N ratio was adjusted to 100, with 20
g/L of glycerol and 80 g/IL of xylose. Samples were taken in
triplicate.
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FIG. 5. Comparison of mRNA levels of genes responsible
for energy production during xylose cofermentation with a
secondary substrate: glucose, glycerol, arabitol. The com-
parison is between two time points during the cofermenta-
tion: when primarily the secondary substrate is being con-
sumed vs. when the secondary substrate is depleted and only
xylose is being consumed. Transcript levels that did not
change significantly are shown in white boxes. Transcript
levels that increased more than two-fold after transitioning to
xylose utilization are shown in green boxes. Transcript levels
that decreased more than two-fold after transitioning to
xylose are shown in red boxes. Numbers inside of each box
indicate the ratio of transcripts during the xylose-only phase
vs. secondary substrate phase. Numbers greater than 1.0 sig-
nify up-regulation of the gene when transitioning from sec-
ondary substrate to xylose, while numbers less than 1.0 sig-
nify downregulation.

DETAILED DESCRIPTION OF CERTAIN
EMBODIMENTS OF THE INVENTION

Liquid biofuels are a promising alternative to fossil fuels
that can help ease concerns about climate change and
smoothen supply uncertainties (1). Biodiesel, jet oil and other
oil-derived fuels in particular are necessary for aviation and
heavy vehicle transport. They are presently produced exclu-
sively from vegetable oils, which is a costly and unsustainable
path (2). An attractive possibility is the non-photosynthetic
conversion of renewable carbohydrate feedstocks to oil (3).
For biodiesel, a transition from vegetable oil to microbial oil
production for the oil feedstock presents numerous additional
advantages: adaptability to diverse feedstocks, flexibility in
land requirements, efficient process cycle turnover, and ease
of scale-up (4). In the search for improved feedstocks, the
push towards cellulosic biofuels is a clear choice. Cellulosic
biomass mitigates the need to compete with food crop pro-
duction; an estimated 1.3+ billion dry tons per year of biom-
ass is potentially available in the US alone (Perlack 2005).
Additionally, cellulosic materials can be more efficiently
grown and more stably produced compared to sugar crops.
However cellulosic materials are not naturally consumable by
most biofuel-producing organisms, and thus cellulose
requires pretreatment and hydrolysis to break the material
down into monomeric sugar. The resulting hydrolysate can
then be used as a sugar rich feedstock. Since hydrolysis of
lignocellulosic biomass results in 20-30% carbohydrates in
the form of xylose, utilization of pentose sugars is one of the
first steps toward efficiently using cellulosic materials.

Another factor in a cost-effective microbial technology for
the conversion of carbohydrates to oils is a high carbohydrate
to oil conversion yield. Metabolic engineering has emerged as
the enabling technology applied to this end and numerous
examples exist of successful pathway engineering that mark-
edly improved the performance of microbial biocatalysts in
the synthesis of chemical, pharmaceutical and fuel products.
Prior efforts at engineering microbes with high lipid synthesis
have focused on amplifying presumed rate-controlling steps
in the fatty acid synthesis pathway. These efforts, however,
have produced mixed results, presumably because modulat-
ing fatty acid flux gave rise to the levels of saturated fatty
acids, which are potent allosteric inhibitors of fatty acid bio-
synthetic enzymes providing a negative feedback loop for the
fatty acid biosynthesis. Certain aspects of this disclosure
describe an approach that combines the introduction of
xylose metabolic genes to utilize xylose as a carbon source,
with the amplification of upstream, metabolite-forming path-
ways in the lipid synthesis pathway, with a similar increase in
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the flux of downstream, metabolite-consuming pathways.
Combining the utilization of xylose as a carbon source with a
push-and-pull strategy can achieve large flux amplifications
without significant departures of the concentrations of inter-
mediate metabolites from their homeostatic physiological
levels, while growing the cells on a renewable cellulosic
carbohydrate feedstock.

The oleaginous yeast Yarrowia lipolytica is an attractive
candidate for microbial oil production, which has also dem-
onstrated usefulness in a wide range of other industrial appli-
cations: citric acid production, protein production (e.g., pro-
teases and lipases), and bioremediation. With a fully
sequenced genome and a growing body of genetic engineer-
ing tools, engineering of ¥. lipolytica can be achieved with
relative ease. Y. lipolytica also has been found to be robust in
culture, able to grow on a variety of substrates, and has been
used for lipid production on agro-industrial residues, indus-
trial glycerol, and industrial fats. It has excellent lipid accu-
mulation capacity, commonly accumulating up to 36% of its
dry cell weight (DCW) in lipids.

The metabolic pathways for de novo lipid synthesis in ¥.
lipolytica are beginning to be fully mapped out. Glucose
entering glycolysis enters the mitochondria as pyruvate for
use in the TCA cycle; however, excess acetyl-coA is trans-
ported from the mitochondria to the cytosol via the citrate
shuttle. Cytosolic acetyl-CoA is then converted into malonyl-
CoA by acetyl-CoA carboxylase (ACC) as the first step of
fatty acid synthesis. After fatty acid synthesis, triacylglycerol
(TAG) synthesis follows the Kennedy pathway, which occurs
in the endoplasmic reticulum (ER) and lipid bodies. Acyl-
CoA is the precursor used for acylation to the glycerol-3-
phosphate backbone to form lysophosphatidic acid (LPA),
which is further acylated to form phosphatidic acid (PA). PA
is then dephosphorylated to form diacylglycerol (DAG) and
then a final acylation occurs by diacylglycerol acyltransferase
(DGA) to produce TAG.

Transport of acetyl-CoA from the mitochondria to the
cytosol is carried out by the ATP-citrate lyase (ACL)-medi-
ated cleavage of citrate via the citrate shuttle yielding Acetyl-
CoA and Oxaloacetate (OAA). Acetyl-CoA carboxylase
(ACC) then catalyzes the first committed step towards lipid
biosynthesis, converting cytosolic acetyl-CoA into malonyl-
CoA, which is the primary precursor for fatty acid elongation.
Completed fatty acyl-CoA chains are then transported to the
endoplasmic reticulum (ER) or lipid body membranes for the
final assembly of triacylglycerol (TAG) via the Kennedy
pathway. Over 80% of the storage lipids producedin Y. /ipoly-
tica are in the form of TAG. Cytosolic OAA is converted to
malate by malic dehydrogenase and transported back into the
mitochondria to complete the citrate shuttle cycle. Reducing
equivalents in the form of NADPH is provided either by the
pentose phosphate pathway (PPP) or by malic enzyme in the
transhydrogenase cycle. In Y. lipolytica, high PPP flux and
ineffectual malic enzyme overexpression suggest that the
former is the primary source for NADPH.

Instead of utilizing glucose as a carbon source, the meta-
bolic conversion of xylose to lipids is a favorable alternative
for reasons described herein. Xylose enters the cell and can be
catabolized through a redox pathway, whereby xylose reduc-
tase (XD or XYL 1) converts xylose to xylitol using NADPH
as a reducing equivalent. Xylitol is then converted to xylulose
through the action of xylitol dehydrogenase (XDH or XYL.2)
using NAD+ as an electron acceptor. Xylulokinase (XK or
XYL3) then phosphorylates xylulose to form xylulose-5-P.
Alternatively, the xylose isomerase (XYLA) enzyme
bypasses the requirement of reducing equivalents, producing
xylulose directly from xylose, which is then converted to
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xylulose-5-P by XYL3. Xylulose-5-P can then enter central
metabolism through the non-oxidative pathway of the PPP
where it ultimately produces glyceraldehyde-3-phosphate
(G3P) and fructose-6-phosphate (F6P). These two products
can then enter the rest of central metabolism, going through
glycolysis to enter the TCA cycle. Production of lipids occurs
normally through the transport of mitochondrial citrate into
the cytosol, where it is cleaved by ATP citrate lyase into
oxaloacetate and cytosolic acetyl-coA. The acetyl-coA can
then enter the fatty acid synthesis pathway through the enzy-
matic activity of acetyl-coA carboxylase. Acyl-CoA gener-
ated from the fatty acid synthase complex are transferred to a
glycerol-3-phosphate backbone and ultimately sequestered
within lipid bodies as triacylglycerol (TAG).

Intracellular lipid accumulation can occur via two meth-
ods: de novo lipid synthesis or ex novo incorporation of
exogenous fatty acids and lipids. Lipid accumulation most
commonly occurs when nutrient supply is exhausted in the
presence of excess carbon. In culture, this state typically
coincides with the onset of the stationary phase. In practice,
the most commonly used limiting-nutrient is nitrogen, as it is
easily controllable in media compositions. Despite these
inducible conditions, lipid synthesis pathways are highly
regulated in order for the organism to balance cell growth
with energy storage. For example, ACC alone is regulated at
multiple levels and by multiple factors.

This tight regulation was circumvented in certain cases. By
eliminating peroxisomal oxidation pathways and engineering
glycerol metabolism, Y. /ipolytica was able to achieve 40%-
70% lipids through ex novo lipid accumulation. Coexpres-
sion of A6- and Al2-desaturase genes allowed for significant
production of y-linolenic acid (GLA) (20). However, engi-
neering lipid biosynthesis pathways in Y. lipolytica is still
relatively unexplored and strategies are still being developed
for effective engineering of the lipid production pathways to
maximize output.

Some aspects of this disclosure provide engineered
microbes for the production of biofuel or biofuel precursor.
The term “biofuel” refers to a fuel that is derived from a
biological source, such as a living cell, microbe, fungus, or
plant. The term includes, for example, fuel directly obtained
from a biological source, for example, by conventional
extraction, distillation, or refining methods, and fuel pro-
duced by processing a biofuel precursor obtained from a
biological source, for example by chemical modification,
such as transesterification procedures. Examples of biofuels
that are directly obtainable are alcohols such as ethanol, pro-
panol, and butanol, fat, and oil. Examples of biofuels that are
obtained by processing of a biofuel precursor (e.g., a lipid),
are biodiesel (e.g., produced by transesterification of a lipid),
and green diesel/modified oil fuels (e.g., produced by hydro-
genation of an oil). Biodiesel, also referred to as fatty acid
methyl (or ethyl) ester, is one of the economically most
important biofuels today and can be produced on an industrial
scale by transesterification of lipids, in which sodium hydrox-
ide and methanol (or ethanol) reacts with a lipid, for example,
a triacylglycerol, to produce biodiesel and glycerol.

Feedstocks for industrial-scale production of biodiesel
include animal fats, vegetable oils, palm oil, hemp, soy, rape-
seed, flax, sunflower, and oleaginous algae. In other
approaches, biomass is converted by a microbe into a biofuel
precursor, for example, a lipid, that is subsequently extracted
and further processed to yield a biofuel. The term “biomass”
refers to material produced by growth and/or propagation of
a living cell or organism, for example, a microbe. Biomass
may contain cells, microbes and/or intracellular contents, for
example cellular fatty acids and TAGS, as well as extracellu-
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lar material. Extracellular material includes, but is not limited
to, compounds secreted by a cell, for example, secreted fatty
acids or TAGs. Important types of biomass for biofuel pro-
duction are algal biomass and plant-derived biomass, for
example, corn stover and wood fiber. In some embodiments,
biomass for biofuel or biofuel precursor production may
comprise plant derived sugars, for example, sugarcane or
corn derived sugars.

Some aspects of this disclosure relate to the engineering
and development of a microbial source of lipids, useful, for
example, for economically viable, industrial-scale biodiesel
production. The term “lipid” refers to fatty acids and their
derivatives. Accordingly, examples of lipids include fatty
acids (FA, both saturated and unsaturated); glycerides or
glycerolipids, also referred to as acylglycerols (such as
monoglycerides (monoacylgycerols), diglycerides (diacylg-
lycerols), triglycerides (triacylglycerols, TAGs, or neutral
fats); phosphoglycerides (glycerophospholipids); nonglycer-
ides (sphingolipids, sterol lipids, including cholesterol and
steroid hormones, prenol lipids including terpenoids, fatty
alcohols, waxes, and polyketides); and complex lipid deriva-
tives (sugar-linked lipids or glycolipids, and protein-linked
lipids). Lipids are an essential part of the plasma membrane of
living cells and microbes. Some cells and microbes also pro-
duce lipids to store energy, for example in the form of tria-
cylglycerols in lipid bodies, lipid droplets, or vacuoles.

Some aspects of this invention relate to engineered
microbes for biofuel or biofuel precursor production. In some
embodiments, the microbes provided herein are engineered to
use 5C sugars as a carbon source, for example xylose. Insome
embodiments, the microbes provided herein also are engi-
neered to optimize their lipid metabolism for lipid produc-
tion. The term “lipid metabolism™ refers to the molecular
processes that involve the creation or degradation of lipids.
Fatty acid synthesis, fatty acid oxidation, fatty acid desatura-
tion, TAG synthesis, TAG storage and TAG degradation are
examples of processes that are part of the lipid metabolism of
acell. Accordingly, the term “fatty acid metabolism” refers to
all cellular or organismic processes that involve the synthesis,
creation, transformation or degradation of fatty acids. Fatty
acid synthesis, fatty acid oxidation, TAG synthesis, and TAG
degradation are examples of processes are part of the fatty
acid metabolism of a cell.

The term “triacylglycerol” (TAG, sometimes also referred
to as triglyceride) refers to a molecule comprising a single
molecule of glycerol covalently bound to three fatty acid
molecules, aliphatic monocarboxylic acids, via ester bonds,
one on each of the glycerol molecule’s three hydroxyl (OH)
groups. Triacylglycerols are highly concentrated stores of
metabolic energy because of their reduced, anhydrous nature,
and are a suitable feedstock for biodiesel production.

Many cells and organisms store metabolic energy in the
form of fatty acids and fatty acid derivatives, such as TAGs.
Fatty acids and their derivatives, such as TAGs, provide an
ideal form to store metabolic energy. The energy contained in
the C—C bonds can be efficiently released by [-oxidation, a
reaction formally equivalent to the reverse of fatty acid bio-
synthesis, but mediated and regulated by different enzymes
constituting a different molecular pathway. Microbes can
derive fatty acids from external supply, endogenous turnover,
and de novo synthesis. Some aspects of this invention relate to
the identification of a microbe for biofuel or biofuel precursor
production based on the microbe’s ability to synthesize and
store fatty acids or fatty acid derivatives, such as TAGs, effi-
ciently from an externally supplied carbon source.

Natural fatty acid molecules commonly have an
unbranched, aliphatic chain, or tail, of 4 to 28 carbon atoms.
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Fatty acids are referred to as “saturated”, if all carbon atoms
of' the aliphatic chain are connected via a C—C single bond,
or as “unsaturated”, if two or more carbon atoms are con-
nected via a C—C double bond. Unsaturated fatty acids play
important roles in the regulation of membrane fluidity, cellu-
lar activity, metabolism and nuclear events governing gene
transcription.

The spectrum of fatty acids in yeast consists mostly of C16
and C18 fatty acids, for example palmitic acid (C16), palmi-
toleic acid (C16), stearic acid (C18) and oleic acid (C18).
Palmitic acid is an unbranched, saturated fatty acid, with an
aliphatic chain of 16 carbon atoms (carbon atoms/unsaturated
bonds: 16.0). Stearic acid is an unbranched, saturated fatty
acid with an aliphatic chain of 18 carbon atoms (18.0). Palmi-
toleic acid is a monounsaturated fatty acid with an aliphatic
chain of 16 carbon atoms (16.1). Oleic acid is a monounsat-
urated fatty acid with an aliphatic chain of 18 carbon atoms
(18.1). Minor fatty acid species in yeast include C14 and C26
fatty acids, which play essential functions in protein modifi-
cation or as components of sphingolipids and GPI anchors,
respectively.

De novo synthesis of fatty acids utilizes substantial
amounts of metabolites, acetyl-CoA, ATP and NADPH, and
thus competes with other cellular processes that are depen-
dent on these compounds. NADPH is required for two reduc-
tion steps in the fatty acid elongation cycle, linking fatty acid
synthesis to the metabolic state of the cell and results in fatty
acid synthesis being restricted to conditions of high energy
load of the cells, indicated by increased ATP/AMP ratio,
elevated reduction equivalents and elevated acetyl-CoA pool.
Almost all subcellular organelles are involved in fatty acid
metabolism, indicating that maintenance of fatty acid homeo-
stasis requires regulation at multiple levels. Lipid synthesis
steps that generate metabolites, acetyl-CoA, ATP, or NADPH
for lipid biosynthesis are sometimes referred to herein as
“push steps” of lipid synthesis. The amplification of a process
that increases the production of a metabolites, acetyl-CoA,
ATP, or NADPH for lipid synthesis in a cell, for example, by
overexpressing a gene product mediating such a metabolite-
producing process, is sometimes referred to herein as a “push
modification.”

Most organisms, including yeast, are able to synthesize
fatty acids de novo from a variety of carbon sources. In an
initial step, acetyl-CoA is carboxylated by the addition of
CO, to malonyl-CoA, by the enzyme acetyl-CoA carboxy-
lase (ACC; encoded by ACC1 and HFA1 in yeast). Biotin is
an essential cofactor in this reaction, and is covalently
attached to the ACC apoprotein, by the enzyme biotin:apo-
protein ligase (encoded by BPL.1/ACC?2 in yeast). ACC is a
trifunctional enzyme, harboring a biotin carboxyl carrier pro-
tein (BCCP) domain, a biotin-carboxylase (BC) domain, and
a carboxyl-transferase (CT) domain. In most bacteria, these
domains are expressed as individual polypeptides and
assembled into a heteromeric complex. In contrast, eukary-
otic ACC, including mitochondrial ACC variants (Hfal in
yeast) harbor these functions on a single polypeptide. Malo-
nyl-CoA produced by ACC serves as a two carbon donor in a
cyclic series of reactions catalyzed by fatty acid synthase,
FAS, and elongases.

The immediate product of de novo fatty acid synthesis are
saturated fatty acids. Saturated fatty acids are known to be the
precursors of unsaturated fatty acids in eukaryotes, including
yeast. Unsaturated fatty acids are generally produced by
desaturation of C—C single bonds in saturated fatty acids by
specialized enzymes, called desaturases. The control mecha-
nisms that govern the conversion of saturated fatty acids to
unsaturated fatty acids are not well understood. In eukary-

10

15

20

25

30

35

40

45

50

55

60

65

10

otes, unsaturated fatty acids play important roles in the regu-
lation of membrane fluidity, cellular activity, metabolism and
nuclear events that govern gene transcription. Typically,
about 80% of yeast fatty acids are monounsaturated, meaning
that they contain one unsaturated bond in their aliphatic
chain.

Fatty acids are potent inhibitors of fatty acid synthesis and
the feedback inhibition of fatty acid synthesis by fatty acids is
a major obstacle in engineering microbes for oil production.
Some aspects of this disclosure are based on the recognition
that while push modifications of lipid synthesis are typically
unable to override fatty acid-mediated feedback inhibition of
lipid synthesis, a combination of a push modification (e.g.,
ACCI1 overexpression) with a pull modification (e.g., DGA1
overexpression), can efficiently bypass the feedback inhibi-
tion, thus fully realizing the increased carbon flux to the lipid
synthesis pathway, for example, in TGAs stored in a lipid
body or vacuole of the cell
Engineering the Capacity for 5C Sugar Utilization and
Increased Lipid Synthesis in Oleaginous Microbes

Some aspects of this disclosure provide strategies for engi-
neering microbes for oil production. In some embodiments,
such strategies employ genetic engineering of oleaginous
microbes, for example, Y. lipolytica, to utilize five carbon
(5C) sugars, such as xylose, as a carbon source for lipid
synthesis.

Some aspects of this disclosure are based on the surprising
discovery, described herein, that oleaginous microbes, such
as Y. lipolytica, which are unable to metabolize xylose for
lipid synthesis, can be engineered to be able to utilize five
carbon (5C) sugars as feedstocks or in feedstocks. Some
aspects of this disclosure relate to the engineering of oleagi-
nous microbes to utilize 5C sugars, such as xylose, through
the introduction of exogenous xylose metabolism genes or
the amplification or modification of endogenous xylose
metabolism genes. Some aspects of this disclosure relate to
the discovery that an oleaginous microbe such as Y. lipolytica
has within its genome a copy of an XYL3 gene that produces
a functional gene product. Some aspects of this disclosure are
related to the heterologous overexpression of xylose metabo-
lism genes, such as XYL1 and XYL.2, or XYLA, in an ole-
aginous microbe such as Y. /ipolytica, which enables the
microbe to utilize xylose as a sole carbon source in the pro-
duction TAGs.

Some aspects of this disclosure provide strategies for addi-
tional engineering of 5C-utilizing microbes for oil produc-
tion. In some embodiments, such strategies employ genetic
engineering of oleaginous microbes, for example Y. /ipoly-
tica,to simultaneously amplify a push- and a pull-step of lipid
synthesis. Significant increases of lipid production in oleagi-
nous yeast host cells can be achieved using these strategies.

According to some aspects of this invention, modifying the
lipid metabolism in a microbe in accordance with methods
provided herein, for example by simultaneously overexpress-
ing a gene product mediating a metabolite-generating (push)
step and a gene product mediating a product-sequestering
(pull) step of lipid synthesis, allows for the generation of a
microbe optimized for use in biofuel or biofuel precursor
production processes. Some aspects of this invention provide
strategies and methods for engineering the fatty acid metabo-
lism in a microbe by simultaneously amplifying a push step
and a pull step of lipid biosynthesis, resulting in increased
synthesis rate and accumulation of fatty acids and fatty acid
derivatives in the microbe.

Some aspects of this invention provide methods that
include genetic modifications resulting in the modulation of
the expression and/or activity of gene products regulating the
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lipid metabolism of microbes for biofuel or biofuel precursor
production. Such genetic modifications according to some
aspects of this invention are targeted to increase carbohydrate
to fatty acid and/or TAG conversion in order to optimize the
modified microbe for large-scale production of lipids from a
carbon source, for example, a carbohydrate source such as a
5C sugar, e.g., xylose. Some modifications provided accord-
ing to some aspects of this invention, for example, overex-
pression, knockout, knock-down, activation and/or inhibition
of specific gene products, may be effected alone or in com-
bination, and/or in combination with other modifications
known to those of skill in the art. The term “modification”
refers to both genetic manipulation, for example, overexpres-
sion, knockout, knock-down, activation and/or inhibition of
specific gene products, and non-genetic manipulation, for
example, manipulation of the growth media, substrate, sub-
strate pretreatment, pH, temperature, conversion process, etc.

A modification of gene expression, also referred to herein
as a modulation of gene expression, can be a disruption or
inhibition of the natural regulation of expression, an overex-
pression, an inhibition of expression, or a complete abolish-
ment of expression of a given gene. The insertion of a heter-
ologous promoter upstream of a native gene sequence, for
example the native DGA1 or ACC1 gene sequence, or the
deletion of regulatory sequences within a promoter, for
example regulatory sequences that mediate the feedback inhi-
bition of the DGA1 or ACC1 gene by saturated fatty acids, are
examples of a disruption or inhibition of the natural regula-
tion of expression. Strategies for the modulation of gene
expression may include genetic alterations, for example by
recombinant technologies, such as gene targeting or viral
transductions, or non-genetic alterations, for example envi-
ronmental alterations known to result in the up- or down-
regulation of gene expression, or transient delivery of modu-
lators, for example drugs or small RNA molecules to the
target cells. Methods for genetic and non-genetic alterations
of microbes are well known to those of skill in the art, and are
described, for example, in J. Sambrook and D. Russell,
Molecular Cloning: A Laboratory Manual, Cold Spring Har-
bor Laboratory Press; 3rd edition (Jan. 15, 2001); David C.
Amberg, Daniel J. Burke; and Jeffrey N. Strathern, Methods
in Yeast Genetics: A Cold Spring Harbor Laboratory Course
Manual, Cold Spring Harbor Laboratory Press (April 2005);
John N. Abelson, Melvin 1. Simon, Christine Guthrie, and
Gerald R. Fink, Guide to Yeast Genetics and Molecular Biol-
ogy, Part A, Volume 194 (Methods in Enzymology Series,
194), Academic Press (Mar. 11, 2004); Christine Guthrie and
Gerald R. Fink, Guide to Yeast Genetics and Molecular and
Cell Biology, Part B, Volume 350 (Methods in Enzymology,
Vol350), Academic Press; 1stedition (Jul. 2, 2002); Christine
Guthrie and Gerald R. Fink, Guide to Yeast Genetics and
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Molecular and Cell Biology, Part C, Volume 351, Academic
Press; 1st edition (Jul. 9, 2002); Gregory N. Stephanopoulos,
Aristos A. Aristidou and Jens Nielsen, Metabolic Engineer-
ing: Principles and Methodologies, Academic Press; 1 edi-
tion (Oct. 16, 1998); and Christina Smolke, The Metabolic
Pathway Engineering Handbook: Fundamentals, CRC Press;
1 edition (Jul. 28, 2009), all of which are incorporated by
reference herein.

The term “overexpression”, as used herein, refers to an
increased level of expression of a given gene product in a
given cell, cell type or cell state, as compared to a reference
cell, for example, a wild type cell of the same cell type or a cell
of the same cell type but lacking a specific modification, for
example, a genetic modification. Forced, continuous expres-
sion of the DGA1 and/or ACC1 gene in Y. lipolytica cells
exhibiting concentrations of saturated fatty acids that would
inhibit DGA1 or ACC1 gene expression in wild-type cells is
an example of gene overexpression.

Some aspects of this invention provide a method for the
manipulation of the activity of a xylose reductase (XD or
XYL1) gene product in a microbe, including for biofuel or
biofuel precursor production. The XYL1 gene encodes a
reductase that reduces xylose to xylitol, the initial step of
metabolizing xylose as required for entry into the PPP path-
way. XYL1 uses NADPH as a reducing equivalent, generat-
ing xylitol and NADP+. Xylitol is then acted upon by XYL.2
as described herein. In some embodiments, the manipulation
is an overexpression. In some embodiments, the manipulation
is effected by contacting a microbe for biofuel or biofuel
precursor production with an expression construct compris-
ing a nucleic acid coding for a XYL1 gene product, for
example, an XD protein, operably linked to a heterologous
promoter, for example, a constitutive or an inducible pro-
moter. In some embodiments, the nucleic acid coding for a
XYL1 gene product comprises the coding sequence of SEQ
ID NO: 1. In some embodiments, the XYL.1 is Scheffersomy-
ces stipitis XYL1, for example, S. stipitis XYL1 comprising
the amino acid sequence of SEQ ID NO: 2. In some embodi-
ments, the microbe is Y. lipolytica. In some embodiments,
manipulation of the activity of a XYL1 gene product in a
microbe is effected to confer a beneficial phenotype for large-
scale carbohydrate to lipid conversion, using xylose as the
carbohydrate source. XYL1 gene and gene product
sequences are well known to those of skill in the art. Exem-
plary, representative gene and gene product sequences can be
found under entry XM_ 001385144 in the NCBI database
(www.ncbi.nlm.nih.gov).

Non-limiting examples of suitable sequences of XYL1
nucleic acid and protein sequences are provided below. Addi-
tional suitable XYL 1 sequences, including sequences from
other species, will be apparent to those of skill in the art, and
the invention is not limited in this respect.

XYLl DNA (Scheffersomyces stipitis)

XM_ 001385144

(SEQ ID NO: 1)

TACAACTATACTACAATGCCTTCTATTAAGTTGAACTCTGGTTACGACATGCCAGCCGTCGGTTTCGGCTGTTGG

AAAGTCGACGTCGACACCTGTTCTGAACAGATCTACCGTGCTATCAAGACCGGTTACAGATTGTTCGACGGTGCC

GAAGATTACGCCAACGAAAAGTTAGTTGGTGCCGGTGTCAAGAAGGCCATTGACGAAGGTATCGTCAAGCGTGAA

GACTTGTTCCTTACCTCCAAGTTGTGGAACAACTACCACCACCCAGACAACGTCGAAAAGGCCTTGAACAGAACC

CTTTCTGACTTGCAAGTTGACTACGTTGACTTGTTCTTGATCCACTTCCCAGTCACCTTCAAGTTCGTTCCATTA

GAAGAAAAGTACCCACCAGGATTCTACTGTGGTAAGGGTGACAACTTCGACTACGAAGATGTTCCAATTTTAGAG
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-continued
ACCTGGAAGGCTCTTGAAAAGTTGGTCAAGGCCGGTAAGATCAGATC TATCGGTGT TTCTAACT TCCCAGGTGCT

TTGCTCTTGGACTTGTTGAGAGGTGCTACCATCAAGCCATCTGTCTTGCAAGTTGAACACCACCCATACTTGCAA
CAACCAAGATTGATCGAATTCGCTCAATCCCGTGGTATTGCTGTCACCGCTTACTCTTCGTTCGGTCCTCAATCT
TTCGTTGAATTGAACCAAGGTAGAGCTTTGAACACTTCTCCATTGTTCGAGAACGAAACTATCAAGGCTATCGCT
GCTAAGCACGGTAAGTCTCCAGCTCAAGTCTTGT TGAGATGGTCTTCCCAAAGAGGCATTGCCATCATTCCAAAG
TCCAACACTGTCCCAAGATTGTTGGAAAACAAGGACGTCAACAGCTTCGACTTGGACGAACAAGATTTCGCTGAC
ATTGCCAAGTTGGACATCAACTTGAGATTCAACGACCCATGGGACTGGGACAAGATTCCTATCTTCGTCTAAGAA
GGTTGCTTTATAGAGAGGAAATAAAACCTAATATACATTGATTGTACATTT
Xylose Reductase
XYL1 Protein (Scheffersomyces stipitis)
XP_001385181

(SEQ ID NO:
MPSIKLNSGYDMPAVGFGCWKVDVDTCSEQIYRAIKTGYRLFDGAEDYANEKLVGAGVKKAIDEGIVKREDLEFLT
SKLWNNYHHPDNVEKALNRTLSDLQVDYVDLFLIHFPVTFKFVPLEEKYPPGFYCGKGDNFDYEDVPILETWKAL

EKLVKAGKIRSIGVSNFPGALLLDLLRGATIKPSVLQVEHHPYLQQPRLIEFAQSRGIAVTAYSSFGPQSFVELN

QGRALNTSPLFENETIKAIAAKHGKSPAQVLLRWSSQRGIAIIPKSNTVPRLLENKDVNSFDLDEQDFADIAKLD

14

INLRFNDPWDWDKIPIFV

Some aspects of this invention provide a method for the
manipulation of the activity of axylitol dehydrogenase (XDH
or XYL2) gene product in a microbe for biofuel or biofuel
precursor production. As described herein, this manipulation
may be made in combination with manipulation of XYL1.
The XYL.2 gene encodes a dehydrogenase that dehydroge-
nates xylitol to xylulose, the second step of metabolizing
xylose as required for entry into the PPP. XYL.2 uses NAD+
as an electron acceptor, generating xylulose and NADH.
Xylulose is then acted upon by XYL3 as described herein. In
some embodiments, the manipulation is an overexpression. In
some embodiments, the manipulation is effected by contact-
ing a microbe for biofuel or biofuel precursor production with
an expression construct comprising a nucleic acid coding for
a XYL2 gene product, for example, an XDH protein, oper-
ably linked to a heterologous promoter, for example, a con-
stitutive or an inducible promoter. In some embodiments, the
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nucleic acid coding for a XYL.2 gene product comprises the
coding sequence of SEQ ID NO: 3. In some embodiments, the
XYL.2is Scheffersomyces stipitis XY1.2, for example, S. stipi-
tis XYL2 comprising the amino acid sequence of SEQ ID
NO: 4. In some embodiments, the microbe is ¥. /lipolytica. In
some embodiments, manipulation of the activity of a XYL2
gene product in a microbe is effected to confer a beneficial
phenotype for large-scale carbohydrate to lipid conversion,
using xylose as the carbohydrate source. XYL2 gene and
gene product sequences are well known to those of skill in the
art. Exemplary, representative gene and gene product
sequences can be found under entry XM_ 001386945 in the
NCBI database (www.ncbi.nlm.nih.gov).

Non-limiting examples of suitable sequences of XYL2
nucleic acid and protein sequences are provided below. Addi-
tional suitable XYL.2 sequences, including sequences from
other species, will be apparent to those of skill in the art, and
the invention is not limited in this respect.

XYL2 DNA (Scheffersomyces stipitis)

XM 001386945

(SEQ ID NO: 3)

CCTCACTTTAGTTTGTTTCAATCACCCCTAATACTCTTCACACAATTAAAATGACTGCTAACCCTTCCTTGGTGT

TGAACAAGATCGACGACATTTCGTTCGAAACTTACGATGCCCCAGAAATCTCTGAACCTACCGATGTCCTCGTCC

AGGTCAAGAAAACCGGTATCTGTGGTTCCGACATCCACTTCTACGCCCATGGTAGAATCGGTAACTTCGTTTTGA

CCAAGCCAATGGTCTTGGGTCACGAATCCGCCGGTACTGTTGTCCAGGTTGGTAAGGGTGTCACCTCTCTTAAGG

TTGGTGACAACGTCGCTATCGAACCAGGTATTCCATCCAGATTCTCCGACGAATACAAGAGCGGTCACTACAACT

TGTGTCCTCACATGGCCTTCGCCGCTACTCCTAACTCCAAGGAAGGCGAACCAAACCCACCAGGTACCTTATGTA

AGTACTTCAAGTCGCCAGAAGACTTCTTGGTCAAGTTGCCAGACCACGTCAGCTTGGAACTCGGTGCTCTTGTTG

AGCCATTGTCTGTTGGTGTCCACGCCTCTAAGTTGGGTTCCGTTGCTTTCGGCGACTACGTTGCCGTCTTTGGTG

CTGGTCCTGTTGGTCTTTTGGCTGCTGCTGTCGCCAAGACCTTCGGTGCTAAGGGTGTCATCGTCGTTGACATTT

TCGACAACAAGTTGAAGATGGCCAAGGACATTGGTGCTGCTACTCACACCTTCAACTCCAAGACCGGTGGTTCTG

AAGAATTGATCAAGGCTTTCGGTGGTAACGTGCCAAACGTCGTTTTGGAATGTACTGGTGCTGAACCTTGTATCA
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-continued
AGTTGGGTGT TGACGCCATTGCCCCAGGTGGTCETTTCGTTCAAGTCGGTAACGCTGCTGGTCCAGTCAGCTTCC

CAATCACCGTTTTCGCCATGAAGGAATTGACTTTGTTCGGTTCTTTCAGATACGGATTCAACGACTACAAGACTG
CTGTTGGAATCTTTGACACTAACTACCAAAACGGTAGAGAAAATGCTCCAATTGACTT TGAACAATTGATCACCC
ACAGATACAAGTTCAAGGACGCTATTGAAGCCTACGACTTGGTCAGAGCCGGTAAGGGTGCTGTCAAGTGTCTCA
TTGACGGCCCTGAGTAAGTCAACCGCTTGGCTGGCCCAAAGTGAACCAGAAACGAAAATGATTATCAAATAGCTT
TATAGACCTTTATCCAAATTTATGTAAACTAATAG
Xylitol Dehydrogenase
XYL2 Protein (Scheffersomyces stipitis)
XP_001386982

(SEQ ID NO:
MTANPSLVLNKIDDISFETYDAPEISEPTDVLVQVKKTGICGSDIHFYAHGRIGNFVLTKPMVLGHESAGTVVQV
GKGVTSLKVGDNVAIEPGIPSRFSDEYKSGHYNLCPHMAFAATPNSKEGEPNPPGTLCKYFKSPEDFLVKLPDHV

SLELGALVEPLSVGVHASKLGSVAFGDYVAVFGAGPVGLLAAAVAKTFGAKGVIVVDIFDNKLKMAKDIGAATHT

FNSKTGGSEELIKAFGGNVPNVVLECTGAEPCIKLGVDAIAPGGRFVQVGNAAGPVSFPITVFAMKELTLFGSFR
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YGFNDYKTAVGIFDTNYQNGRENAPIDFEQLI THRYKFKDAIEAYDLVRAGKGAVKCLIDGPE

Some aspects of this invention provide a method for the
manipulation of the activity of a xylulokinase (XK or XYL3)
gene product in a microbe for biofuel or biofuel precursor
production. As described herein, this manipulation may be
made in combination with manipulation of XYL1 and XYT.2.
The XYL3 gene encodes a kinase that uses ATP as a phos-
phate donor, phosphorylating xylulose to form xylulose-5-P
adnADP, the final step of metabolizing xylose as required for
entry into the PPP. Xylulose-5-P enters the PPP where it
ultimately produces glyceraldehyde-3-phosphate (G3P) and
fructose-6-phosphate (F6P). These two products can then
enter the rest of central metabolism, going through glycolysis
to enter the TCA cycle. Production of lipids occurs normally
through pathways described herein. In some embodiments,
the manipulation is an overexpression. In some embodiments,
the manipulation is effected by contacting a microbe for
biofuel or biofuel precursor production with an expression
construct comprising a nucleic acid coding for a XYL3 gene
product, for example, an XK protein, operably linked to a

Xylulokinase
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heterologous promoter, for example, a constitutive or an
inducible promoter. In some embodiments, the nucleic acid
coding for a XYL3 gene product comprises the coding
sequence of SEQID NO: 5. In some embodiments, the XYL3
is Y. lipolytica XYL 2, for example, Y. lipolytica XYL2 com-
prising the amino acid sequence of SEQ ID NO: 6. In some
embodiments, the microbe is Y. /ipolytica. In some embodi-
ments, manipulation of the activity ofa X Y13 gene productin
a microbe is effected to confer a beneficial phenotype for
large-scale carbohydrate to lipid conversion, using xylose as
the carbohydrate source. XYL3 gene and gene product
sequences are well known to those of skill in the art. Exem-
plary, representative gene and gene product sequences can be
found under entry XM_ 505266 in the NCBI database (ww-
w.ncbi.nlm.nih.gov).

Non-limiting examples of suitable sequences of XYL3
nucleic acid and protein sequences are provided below. Addi-
tional suitable XYL3 sequences, including sequences from
other species, will be apparent to those of skill in the art, and
the invention is not limited in this respect.

XYL3 DNA (Yarrowia lipolytica)

XM_505266

(SEQ ID NO: 5)

ATGTATCTCGGACTGGATCTTTCGACTCAACAGCTCAAGGGCATCATTCTGGACACAAAAACGCTGGACACGGTC

ACACAAGTCCATGTGGACTTTGAGGACGACTTGCCGCAGTTCAACACCGAAAAGGGCGTCTTTCACAGCTCTACA

GTGGCCGGAGAAATCAATGCTCCTGTGGCAATGTGGGGGGCAGCTGTGGACTTGCTGATAGAGCGTCTGTCAAAG

GAAATAGACCTTTCCACGATCAAGTTTGTGTCGGGCTCGTGCCAGCAACACGGCTCTGTTTATCTCAACAGCAGC

TACAAGGAGGGCCTGGGTTCTCTGGACAAACACAAAGACTTGTCTACAGGAGTGTCATCCTTACTGGCGCTCGAA

GTCAGCCCCAATTGGCAGGATGCAAGCACGGAGAAGGAGTGTGCGCAGTTTGAGGCTGCAGTCGGCGGTCCCGAG

CAGCTGGCTGAGATCACTGGCTCTCGAGCACATACTCGTTTCACCGGGCCCCAGATTCTCAAGGTCAAGGAACGC

AACCCCAAGGTATTCAAGGCCACGTCACGGGTCCAGCTCATATCCAACTTTCTAGCATCTCTGTTTGCCGGCAAG

GCGTGCCCCTTTGATCTTGCTGACGCCTGTGGAATGAATCTGTGGGACATCCAGAATGGCCAGTGGTGCAAGARA

CTCACAGATCTCATCACCGATGACACCCACTCGGTCGAGTCCCTCCTTGGAGACGTGGAAACAGACCCCAAGGCT

CTACTGGGCAAAATCTCGCCCTATTTCGTCTCCAAGGGCTTCTCTCCCTCTTGTCAGGTGGCACAGTTCACAGGC

GACAACCCAGGCACTATGCTGGCTCTCCCCTTACAGGCCAATGACGTGATTGTGTCTTTGGGAACATCTACGACC



US 9,096,876 B2
17

-continued
GCCCTCGTCGTAACAAACAAGTACATGCCCGACCCCGGATACCATGTGTTCAACCACCCCATGGAGGGATACATG
GGCATGCTGTGCTACTGCAACGGAGGTCTAGCACGAGAGAAGATCCGAGACGAGCTTGGAGGCTGGGACGAGTTT
AATGAGGCGGCCGAGACCACCAACACAGTGTCTGCTGACGATGTCCATGTTGGCATCTACTTTCCACTACGAGAA
ATCCTTCCTCGAGCAGGTCCCTTTGAACGACGTTTCATCTACAACAGACAAAGTGAACAGCTTACAGAGATGGCT
TCTCCAGAGGACTCACTGGCAACCGAACACAAACCGCAGGCTCAAAATCTCAAGGACACGTGGCCGCCACAAATG
GACGCCACTGCCATCATTCAAAGCCAGGCCCTCAGTATCAAAATGAGACTCCAACGCATGATGCATGGCGATATT
GGAAAGGTGTATTTTGTGGGAGGCGCCTCGGTCAACACTGCTATCTGCAGCGTAATGTCTGCCATCTTAAAACCA
ACAAAGGGCGCTTGGAGATGTGGTCTGGAAATGGCAAACGCTTGTGCCATTGGAAGTGCCCATCACGCCTGGCTT
TGCGACCCCAACAAGACAGGCCAGGTACAGGTTCACGAAGAAGAGGTCAAATACAAGAATGTGGACACAGACGTG
CTACTCAAGGCGTTCAAGCTGGCCGAAAACGCCTGCCTGGAGAAATAA
Xylulokinase
XYL3 Protein (Yarrowia lipolytica)

XP_505266

(SEQ ID NO:
MYLGLDLSTQQOLKGIILDTKTLDTVTQVHVDFEDDLPQFNTEKGVFHSSTVAGEINAPVAMWGAAVDLLIERLSK
EIDLSTIKFVSGSCQQHGSVYLNSSYKEGLGSLDKHKDLSTGVSSLLALEVSPNWQDASTEKECAQFEAAVGGPE
QLAEITGSRAHTRFTGPQILKVKERNPKVFKATSRVQLISNFLASLFAGKACPFDLADACGMNLWD IQONGQWCKK
LTDLITDDTHSVESLLGDVETDPKALLGKISPYFVSKGFSPSCQVAQFTGDNPGTMLALPLOQANDVIVSLGTSTT
ALVVTNKYMPDPGYHVFNHPMEGYMGMLCYCNGGLAREKIRDELGGWDEFNEAAETTNTVSADDVHVGIYFPLRE

ILPRAGPFERRFIYNRQSEQLTEMASPEDSLATEHKPQAQNLKDTWPPOMDATAIIQSQALS IKMRLORMMHGDI

GKVYFVGGASVNTAICSVMSAILKPTKGAWRCGLEMANACAIGSAHHAWLCDPNKTGQVQVHEEEVKYKNVDTDV

18

LLKAFKLAENACLEK

Some aspects of this invention provide a method for the
manipulation of the activity of a xylose isomerase (XYLA)
gene product in a microbe for biofuel or biofuel precursor
production. The XYL A gene encodes an isomerase that con-

35

verts xylose directly to xylulose without the requirement of 4,

reducing equivalents, effectively eliminating one step as
described herein with the redox pathway (XYL1/XYL2).
Xylulose may then be acted upon by XYL3 to form xylulose-
5-P, the final step of metabolizing xylose as required for entry
into the PPP, as described herein. In some embodiments, the
manipulation is an overexpression. In some embodiments, the
manipulation is effected by contacting a microbe for biofuel
or biofuel precursor production with an expression construct
comprising a nucleic acid coding for a XYLLA gene product,
for example, a XYLA protein, operably linked to a heterolo-
gous promoter, for example, a constitutive or an inducible
promoter. In some embodiments, the nucleic acid coding for

45
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a XYLA gene product comprises the coding sequence of SEQ
ID NO: 7. In some embodiments, the XYL A is Piromyces sp.
E2 XYLA, for example, Piromyces sp. E2 XYL A comprising
the amino acid sequence of SEQ ID NO: 8. In some embodi-
ments, the microbe is Y. lipolytica. In some embodiments,
manipulation of the activity of a XYLA gene product in a
microbe is effected to confer a beneficial phenotype for large-
scale carbohydrate to lipid conversion, using xylose as the
carbohydrate source. XYLA gene and gene product
sequences are well known to those of skill in the art. Exem-
plary, representative gene and gene product sequences can be
found under GenBank entries HV445113, FW568191, and
HC036431 in the NCBI database (www.ncbi.nlm.nih.gov).

Non-limiting examples of suitable sequences of XYLA
nucleic acid and protein sequences are provided below. Addi-
tional suitable XYLA sequences, including sequences from
other species, will be apparent to those of skill in the art, and
the invention is not limited in this respect.

Piromyces sp E2 Xylose isomerase

DNA seguence

(SEQ ID NO: 7)

ATGGCTAAAGAGTACTTCCCACAGATTCAGAAGATAAAGTTCGAGGGCAAAGATTCTAAAAACCCTTTGGCTTTC

CACTACTATGATGCAGAGAAGGAAGTCATGGGAAAGAAAATGAAGGATTGGTTGAGATTTGCTATGGCTTGGTGG

CATACTTTGTGTGCTGAAGGTGCAGACCAGTTCGGCGGTGGCACTAAGTCTTTTCCTTGGAATGAGGGTACTGAT

GCCATTGAAATCGCCAAACAAAAGGTAGACGCTGGTTTTGAGATCATGCAGAAGTTGGGCATCCCTTATTACTGT

TTTCACGATGTCGATTTGGTGAGTGAAGGCAATAGTATAGAGGAATACGAGTCTAACTTAAAGGCAGTCGTTGCC

TATTTGAAGGAGAAGCAAAAGGAAACTGGTATCAAATTGTTGTGGAGTACTGCTAACGTCTTCGGCCACAAAAGA
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TACATGAACGGTGCTTCTACTAATCCAGACTT TGATGTAGTCGCTAGAGCTATAGTCCAGAT TAAGAATGCTATC

GACGCCGGAATTGAGTTGGGAGCTGAGAACTATGTTTTTTGGGGAGGTAGGGAAGGCTATATGTCTTTGTTGAAT
ACTGACCAGAAGAGAGAGAAAGAACACATGGCAACAATGTTAACTATGGCAAGAGATTACGCAAGGAGTAAGGGC
TTTAAGGGCACTTTTTTGATTGAACCTAAGCCTATGGAACCAACTAAACACCAATATGATGTTGACACTGAAACA
GCCATCGGTTTCTTGAAGGCCCACAACTTGGATAAAGATTTTAAGGTAAACATTGAGGTCAATCACGCCACCTTG
GCCGGTCACACTTTCGAACATGAATTGGCTTGTGCTGT TGATGCTGGAATGTTGGGTTCTATTGATGCAAATAGA
GGCGATTATCAGAATGGTTGGGATACTGATCAATTTCCAATCGACCAATACGAATTGGTTCAAGCCTGGATGGAA
ATCATAAGAGGTGGTGGCTTTGTAACTGGTGGAACTAACTTCGATGCCAAAACAAGAAGAAACTCCACTGACTTG
GAGGATATCATTATTGCTCACGTTTCCGGTATGGATGCAATGGCCAGGGCCTTGGAGAACGCTGCTAAGTTGTTA
CAAGAATCCCCCTACACTAAGATGAAGAAAGAGAGGTACGCATCATTCGATTCTGGAATCGGCAAGGATTTTGAG
GACGGAAAGTTGACTTTAGAGCAGGTTTATGAGTACGGTAAAAAGAATGGCGAGCCTAAACAAACCTCTGGTAAG
CAGGAATTGTACGAAGCTATTGTCGCAATGTATCAATAA
Piromyces sp E2
Xylose Isomerase
Protein Sequence

(SEQ ID NO:
MAKEYFPQIQKIKFEGKDSKNPLAFHYYDAEKEVMGKKMKDWLRFAMAWWHTLCAEGADQFGGGTKSFPWNEGTD
ATEIAKQKVDAGFEIMQKLGIPYYCFHDVDLVSEGNSIEEYESNLKAVVAYLKEKQKETGIKLLWS TANVFGHKR
YMNGASTNPDFDVVARAIVQIKNAIDAGIELGAENYVFWGGREGYMSLLNTDQKREKEHMATMLTMARDYARSKG

FKGTFLIEPKPMEPTKHQYDVDTETAIGFLKAHNLDKDFKVNI EVNHATLAGHTFEHELACAVDAGMLGSIDANR

GDYQNGWDTDQFPIDQYELVQAWME I IRGGGFVTGGTNFDAKTRRNSTDLEDI I IAHVSGMDAMARALENAAKLL
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QESPYTKMKKERYASFDSGIGKDFEDGKLTLEQVYEYGKKNGEPKQTSGKQELYEATIVAMYQ

Some aspects of this invention provide a method for the 35 ID NO: 9. In some embodiments, the DGAL is Y. lipolytica

manipulation of the activity of a diacylglycerol acyltrans-
ferase 1 (DGA1) gene product in a microbe for biofuel or
biofuel precursor production. The DGA1 gene encodes an
acyltransferase that catalyzes the terminal step of triacylglyc-
erol (TAG) formation, acylating diacylglycerol using acyl-
CoA as an acyl donor. The result of this acyltransferase reac-
tion are triacylglycerols, which do not exhibit the same
inhibitory feedback effect on fatty acid synthesis as fatty
acids themselves. TAGs are typically stored in lipid bodies or
vacuoles in lipid producing cells. In some embodiments, the
manipulation is an overexpression. In some embodiments, the
manipulation is effected by contacting a microbe for biofuel
or biofuel precursor production with an expression construct
comprising a nucleic acid coding for a DGA1 gene product,
for example, a DGAT?2 protein, operably linked to a heterolo-
gous promoter, for example, a constitutive or an inducible
promoter. In some embodiments, the nucleic acid coding for
aDGAL gene product comprises the coding sequence of SEQ

40

45

50

DGAI1, for example, Y. lipolytica DGA1 comprising the
amino acid sequence of SEQ ID NO: 10. In some embodi-
ments, the microbe is Y. lipolytica. In some embodiments,
manipulation of the activity of a DGA1 gene product in a
microbe is effected to confer a beneficial phenotype for large-
scale carbohydrate to lipid conversion, for example increased
lipid synthesis rate, increased carbohydrate to lipid conver-
sion efficiency, increased lipid storage and, increased growth
rate, increased tolerance to elevated concentrations of a car-
bon source or a lipid product. DGA1 gene and gene product
sequences are well known to those of skill in the art. Exem-
plary, representative gene and gene product sequences can be
found under entry XM_ 504700 in the NCBI database (ww-
w.ncbi.nlm.nih.gov).

Non-limiting examples of suitable sequences of DGA1
nucleic acid and protein sequences are provided below. Addi-
tional suitable DGAL1 sequences, including sequences from
other species, will be apparent to those of skill in the art, and
the invention is not limited in this respect.

>gi|50554582 |ref [XM_504700.1| Yarrowia lipolytica YALIOE32769p (YALIOE32769g)
mRNA, complete cds

(SEQ ID NO: 9)
ATGACTATCGACTCACAATACTACAAGTCGCGAGACAARAAACGACACGGCACCCAAAATCGCGGGAATCCGATAT
GCCCCGCTATCGACACCATTACTCAACCGATGTGAGACCTTCTCTCTGGTCTGGCACATTTTCAGCATTCCCACT
TTCCTCACAATTTTCATGCTATGCTGCGCAATTCCACTGCTCTGGCCATTTGTGATTGCGTATGTAGTGTACGCT
GTTARAGACGACTCCCCGT CCAACGGAGGAGTGGTCAAGCGATACTCGCCTATTTCAAGARACTTCTTCATCTGG
AAGCTCTTTGGCCGCTACTTCCCCATAACTCTGCACAAGACGGTGGATCTGGAGCCCACGCACACATACTACCCT

CTGGACGTCCAGGAGTATCACCTGATTGCTGAGAGATACTGGCCGCAGAACAAGTACCTCCGAGCAATCATCTCC
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ACCATCGAGTACTTTCTGCCCGCCTTCATGAAACGGTCTCTTTCTAT CAACGAGCAGGAGCAGCCTGCCGAGCGA
GATCCTCTCCTGTCTCCCGTTTCTCCCAGCTCTCCGGGTTCTCAACCTGACAAGTGGATTAACCACGACAGCAGA
TATAGCCGTGGAGAATCATCTGGCT CCAACGGCCACGCCTCGGGCTCCGAACTTAACGGCAACGGCAACAATGGC
ACCACTAACCGACGACCTTTGTCGTCCGCCTCTGCTGGCTCCACTGCAT CTGATTCCACGCTTCTTAACGGGTCC
CTCAACTCCTACGCCAACCAGAT CATTGGCGAAAACGACCCACAGCTGTCGCCCACAARACT CAAGCCCACTGGC
AGAAAATACATCTTCGGCTACCACCCCCACGGCATTATCGGCATGGGAGCCTTTGETGGAAT TGCCACCGAGGGA
GCTGGATGGTCCAAGCTCTTTCCGGGCATCCCTGTTTCTCTTATGACTCTCACCAACAACTTCCGAGTGCCTCTC
TACAGAGAGTACCTCATGAGTCTGGGAGTCGCTTCTGTCTCCARAGAAGT CCTGCARAGGCCCTCCTCAAGCGAAAC
CAGTCTATCTGCATTGTCGTTGGTGGAGCACAGGAAAGTCTTCTGGCCAGACCCGGTGTCATGGACCTGGTGCTA
CTCAAGCGAAAGGGTTTTGTTCGAC TTGGTATGGAGGT CGGARATGTCGCCCTTGTTCCCAT CATGGCCTTTGGT
GAGAACGACCTCTATGACCAGGTTAGCAACGACAAGTCGTCCAAGCTGTACCGATTCCAGCAGTTTGTCAAGAAC
TTCCTTGGATTCACCCTTCCTTTGATGCATGCCCGAGGCGTCTTCAACTACGATGTCGGT CTTGTCCCCTACAGE
CGACCCGTCAACATTGTGGTTGGTT CCCCCATTGACTTGCCTTATCTCCCACACCCCACCGACGAAGARGTGTCC
GAATACCACGACCGATACATCGCCGAGCTGCAGCGAAT CTACAACGAGCACAAGGATGAATATTTCATCGATTGG
ACCGAGGAGGGCAAAGGAGCCCCAGAGTTCCGAATGATTGAGTAA
>gi|50554583 |ref |XP_504700.1| YALIOE32769p [Yarrowia lipolytica]

(SEQ ID NO:
MTIDSQYYKSRDKNDTAPKIAGIRYAPLSTPLLNRCETFSLVWHIFSIPTFLTIFMLCCAIPLLWPFVIAYVVYA
VKDDSPSNGGVVKRYSPISRNFFIWKLFGRYFPITLHKTVDLEPTHTYYPLDVQEYHLIAERYWPONKYLRAIIS
TIEYFLPAFMKRSLSINEQEQPAERDPLLSPVSPSSPGSOPDKWINHDSRY SRGES SGSNGHASGS ELNGNGNNG
TTNRRPLSSASAGS TASDS TLLNGSLNSYANQI IGENDPOLSPTKLKPTGRKY IFGYHPHGI IGMGAFGGIATEG
AGWSKLFPGIPVSLMTLTNNFRVPLYREYLMSLGVASVSKKSCKALLKRNQSICIVVGGAQESLLARPGVMDLVL

LKRKGFVRLGMEVGNVALVPIMAFGENDLYDQVSNDKS SKLYRFQQFVKNFLGFTLPLMHARGVFNYDVGLVPYR
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RPVNIVVGSPIDLPYLPHPTDEEVSEYHDRYIAELQRIYNEHKDEYFIDWTEEGKGAPEFRMIE

Some aspects of this invention provide a method for the
manipulation of an acetyl-CoA carboxylase (ACC) gene
product in a microbe for biofuel or biofuel precursor produc-
tion, forexample, in ¥. lipolytica. ACC gene products mediate
the conversion of acetyl-CoA, the main C2-precursor in fatty
acid synthesis, to malonyl-CoA, which is considered the first
committed step in fatty acid synthesis and has been suggested
to also be the rate-limiting step in fatty acid synthesis (see Cao
Y, Yang J, Xian M, Xu X, Liu W. Increasing unsaturated fatty
acid contents in Escherichia coli by coexpression of three
different genes. Appl Microbiol Biotechnol. 2010). In some
embodiments, ACC activity manipulation is ACC overex-
pression. In some embodiments, the manipulation is effected
by contacting a microbe for biofuel or biofuel precursor pro-
duction with an expression construct comprising a nucleic
acid coding for an ACC gene product, for example, an ACC1
protein, operably linked to a heterologous promoter, for
example, a constitutive or an inducible promoter. In some
embodiments, the nucleic acid coding for an ACC gene prod-
uct comprises the coding sequence of SEQ ID NO: 11. In
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some embodiments, the ACC gene product is an ACC1 pro-
tein comprising the amino acid sequence of SEQ ID NO: 12.
In some embodiments, ACC overexpression in a microbe
increases fatty acid synthesis rate and/or confers a beneficial
phenotype for large-scale carbohydrate to biofuel or biofuel
precursor conversion, for example increased lipid synthesis
rate, increased carbohydrate to lipid conversion efficiency,
increased lipid storage and, increased growth rate, increased
tolerance to concentrations of a substance, e.g. a carbon
source, a biofuel or biofuel precursor, or a toxic substance.
ACC gene and gene product sequences are well known to
those of skill in the art. Exemplary, representative gene and
gene product sequences can be found under the entry for
GenelDs: 855750 and 2909424, or under the entry
NC__006069 in the NCBI database (www.ncbi.nlm.nih.gov).

Non-limiting examples of suitable sequences of ACC
nucleic acid and protein sequences are provided below. Addi-
tional suitable ACC sequences, including sequences from
other species, will be apparent to those of skill in the art, and
the invention is not limited in this respect.

ACC encoding nucleic acid sequence:

(SEQ ID NO: 11)

ATGCGACTGCAATTGAGGACACTAACACGTCGGTTTTTCAGGTGAGTAAACGACGGTGGCCGTGGCCACGACAGC

CGAGGCGTCACGATGGGCCAGACGAGCACATTCTCGCCGCCACAACCTCGCCAGCACAAGAAACTAACCCAGTAT
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GGCTTCAGGATCTTCAACGCCAGATGTGGCTCCCTTGETGGACCCCARCAT TCACARAGGTCTCGCCTCTCATTT

CTTTGGACTCAATTCTGTCCACACAGCCAAGCCCTCAAAAGTCAAGGAGTTTGTGGCTTCTCACGGAGGTCATAC
AGTTATCAACAAGGTGAGTATTTGACGTTTAGACTGTATAACAGGCGGCCGCAGTGCAACAACGACCAAARAGGG
TCGAAAAAGGGTCGAAAACGGACACAAAAGCTGGAAAACAAGAGTGTAATACATTCTTACACGTCCAATTGTTAG
ACAAACACGGCTGTTCGGTCCCAAAACCACCAGTATCACCTATTTTCCACTTGTGTCTCGGATCTGATCATAATC
TGATCTCAAGATGAAATTTACGCCACCGACATGATATTGTGATTTTCGGATTCTCCAGACCGAGCAGATTCCAGC
AATACCACCACTTGCCCACCTTCAGCGGCCTCTCGGCGCGATTCGCCACTTTCCCCAACGAGTGTTACTAACCCA
GGTCCTCATCGCTAACAACGGTATTGCCGCAGTAAAGGAGATCCGTTCAGTACGAAAATGGGCCTACGAGACCTT
TGGCGACGAGCGAGCAATCTCGTTCACCGTCATGGCCACCCCCGAAGATCTCGCTGCCAACGCCGACTACATTAG
AATGGCCGATCAGTACGTCGAGGTGCCCGGAGGAACCAACAACAACAACTACGCCAACGTCGAGCTGATTGTCGA
CGTGGCTGAGCGATTCGGCGTCGATGCCGTGTGGGCCGGATGGGGCCATGCCAGTGAAAATCCCCTGCTCCCCGA
GTCGCTAGCGGCCTCTCCCCGCAAGATTGTCTTCATCGGCCCTCCCGGAGCTGCCATGAGATCTCTGGGAGACAA
AATTTCTTCTACCATTGTGGCCCAGCACGCAAAGGTCCCGTGTATCCCGTGGTCTGGAACCGGAGTGGACGAGGT
TGTGGTTGACAAGAGCACCAACCTCGTGTCCGTGTCCGAGGAGGTGTACACCAAGGGCTGCACCACCGGTCCCAA
GCAGGGTCTGGAGAAGGCTAAGCAGATTGGATTCCCCGTGATGATCAAGGCTT CCGAGGGAGGAGGAGGAAAGGG
TATTCGAAAGGTTGAGCGAGAGGAGGACTTCGAGGCTGCTTACCACCAGGT CGAGGGAGAGATCCCCGGCTCGCC
CATCTTCATTATGCAGCTTGCAGGCAATGCCCGGCATTTGGAGGTGCAGCTTCTGGCTGATCAGTACGGCAACAA
TATTTCACTGTTTGGTCGAGATTGTTCGGTTCAGCGACGGCATCAAAAGATTATTGAGGAGGCTCCTGTGACTGT
GGCTGGCCAGCAGACCTTCACTGCCATGGAGAAGGCTGCCGTGCGACTCGGTAAGCTTGTCGGATATGTCTCTGC
AGGTACCGTTGAATATCTGTATTCCCATGAGGACGACAAGTTCTACTTCTTGGAGCTGAATCCTCGTCTTCAGGT
CGAACATCCTACCACCGAGATGGTCACCGGTGTCAACCTGCCCGCTGCCCAGCTTCAGATCGCCATGGGTATCCC
CCTCGATCGAATCAAGGACATTCGTCTCTTTTACGGTGTTAACCCTCACACCACCACTCCAATTGATTTCGACTT
CTCGGGCGAGGATGCTGATAAGACACAGCGACGTCCCGTCCCCCGAGGTCACACCACTGCTTGCCGAATCACATC
CGAGGACCCTGGAGAGGGTTTCAAGCCCTCCGGAGGTACTATGCACGAGCTCAACTTCCGATCCTCGTCCAACGT
GTGGGGTTACTTCTCCGTTGGTAACCAGGGAGGTATCCATTCGTTCTCGGATTCGCAGTTTGGTCACATCTTCGC
CTTCGGTGAGAACCGAAGTGCGTCTCGAAAGCACATGGTTGTTGCTT TGAAGGAACTATCTATTCGAGGTGACTT
CCGAACCACCGTCGAGTACCTCATCAAGCTGCTGGAGACACCGGACTTCGAGGACAACACCATCACCACCGGCTG
GCTGGATGAGCTTATCTCCAACAAGCTGACTGCCGAGCGACCCGACTCGTTCCTCGCTGTTGTTTGTGGTGCTGC
TACCAAGGCCCATCGAGCTTCCGAGGACTCTATTGCCACCTACATGGCTTCGCTAGAGAAGGGCCAGGTCCCTGC
TCGAGACATTCTCAAGACCCTTTTCCCCGTTGACTTCATCTACGAGGGCCAGCGGTACAAGTTCACCGCCACCCG
GTCGTCTGAGGACTCTTACACGCTGTTCATCAACGGTTCTCGATGCGACATTGGAGTTAGACCTCTTTCTGACGG
TGGTATTCTGTGTCTTGTAGGTGGGAGATCCCACAATGTCTACTGGAAGGAGGAGGTTGGAGCCACGCGACTGTC
TGTTGACTCCAAGACCTGCCTTCTCGAGGTGGAGAACGACCCCACTCAGCTTCGATCTCCCTCTCCCGGTAAGCT
GGTTAAGTTCCTGGTCGAGAACGGCGACCACGTGCGAGCCAACCAGCCCTATGCCGAGATTGAGGTCATGAAGAT
GTACATGACTCTCACTGCTCAGGAGGACGGTATTGTCCAGCTGATGAAGCAGCCCGGTTCCACCATCGAGGCTGG
CGACATCCTCGGTATCTTGGCCCTTGATGATCCTTCCAAGGTCAAGCATGCCAAGCCCTTTGAGGGCCAGCTTCC
CGAGCTTGGACCCCCCACTCTCAGCGGTAACAAGCCTCATCAGCGATACGAGCACTGCCAGAACGTGCTCCATAA
CATTCTGCTTGGTTTCGATAACCAGGTGGTGATGAAGT CCACTCTTCAGGAGATGGTTGGTCTGCTCCGAAACCC
TGAGCTTCCTTATCTCCAGTGGGCTCATCAGGTGTCTTCTCTGCACACCCGAATGAGCGCCAAGCTGGATGCTAC
TCTTGCTGGTCTCATTGACAAGGCCAAGCAGCGAGGTGGCGAGTTTCCTGCCAAGCAGCTTCTGCGAGCCCTTGA

GAAGGAGGCGAGCTCTGGCGAGGTCGATGCGCTCTTCCAGCAAACTCTTGCTCCTCTGTTTGACCTTGCTCGAGA

24
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GTACCAGGACGGTCTTGCTATCCACGAGCTTCAGGT TGCTGCAGGCCTTCTGCAGGCC TACTACGACTCTGAGGC
CCGETTCTGCGGACCCAACGTACGTGACGAGGATGTCATT CTCAAGC TTCGAGAGGAGAACCGAGATTCTCTTCG
ARAGGTTGTGATGGCCCAGCTGTCTCATTC TCGAGT CGGAGCCAAGAACAACC TTGTGCTGGCCCTTCTCGATGA
ATACAAGGTGGCCGACCAGGC TGGCACCGACTCTCCTGCCTCCAACGTGCACGTTGCAAAGTACTTGCGACCTGT
GCTGCGAAAGATTGTGGAGCTGGAATC TCGAGCT TCTGCCAAGGTATCTCTGAAAGCCCGAGAGATTCTCATCCA
GTGCGCTCTGCCCTCTCTAAAGGAGCGAACTGACCAGCTTGAGCACATTCTGCGATCT TCTGTCGT CGAGTCTCG
ATACGGAGAGGTTGGTCTGGAGCACCGAAC TCCCCGAGCCGATAT TCTCAAGGAGETTGT CGACTCCAAGTACAT
TGTCTTTGATGTGCTTGCCCAGTTCTTTGCCCACGATGAT CCCTGGATCGTCCTTGCTGCCCTGGAGCTGTACAT
CCGACGAGCTTGCAAGGCCTACTCCAT CCTGGACATCAACTACCACCAGGACTCGGACCTGCCTCCCGTCATCTC
GTGGCGATTTAGACTGCCTACCATGTCGTCTGCT TTGTACAACTCAGTAGTGT CTTCTGGCTCCARAACCCCCAC
TTCCCCCTCGGTGTCTCGAGCTGAT TCCGTCTCCGACT TT TCGTACACCGTTGAGCGAGACTCTGCTCCCGCTCG
AACCGGAGCGATTGTTGCCGTGCCTCATCTGGATGATC TGGAGGATGCTCTGACTCGTGT TCTGGAGAACCTGCC
CAAACGGGGCGCTGGTC TTGCCATC TCTGT TGGTGCTAGCAACAAGAGTGCCGCTGCTTCTGCTCGTGACGCTGL
TGCTGCTGCCGCTTCATCCGTTGACACTGGCC TGTCCAACATTTGCAACGT TATGATTGGTCGGGT TGATGAGTC
TGATGACGACGACACTCTGATTGCCCGAATCTCCCAGGTCATTGAGGAC TTTAAGGAGGACT TTGAGECCTGTTC
TCTGCGACGAATCACCTTCTCCTTCGGCAACTCCCGAGGTACTTATC CCAAGTATT TCACGT TCCGAGGCCCOGL
ATACGAGGAGGACCCCACTATCCGACACATTGAGCCTGCTCTGGCCTTCCAGC TGGAGCTCGCCCGTCTGTCCAA
CTTCGACATCAAGCCTGTCCACACCGACAACCGAAACATCCACGTGTACGAGGCTACTGGCAAGAACGCTGCTTC
CGACAAGCGGTTCTTCACCCGAGGTAT CGTACGACCTGGT CGTCTTCGAGAGAACATCCCCACCTCGGAGTATCT
CATTTCCGAGGCTGACCGGCTCATGAGCGATATT TTGGACGCTCTAGAGGTGATTGGAACCACCAACTCGGATCT
CAACCACATTTTCATCAACTTCTCAGCCGTCT TTGCTCTGAAGCCCGAGGAGETTGAAGCTGCC TTTGGCGGTTT
CCTGGAGCGATTTGGCCGACGTC TGTGGCGAC TTCGAGTCACCAGTGCCGAGATCCGAATGATGGTATCCGACCC
CGAAACTGGCTCTGCTTTCCCTCTGCGAGCAATGATCAACAACGTCTCTGGTTACGTTGTGCAGTC TGAGCTGTA
CGCTGAGGCCAAGAACGACAAGGGCCAGTGGATT TTCAAGTCTCTGGGCAAGCCCGGCTCCATGCACATGCGGTC
TATCAACACTCCCTACCCCACCAAGGAGTGGC TGCAGCCCAAGCGGTACAAGECCCATCTGATGGGTACCACCTA
CTGCTATGACTTCCCCGAGCTGTTCCGACAGT CCATTGAGTCGGACTGGAAGAAGTATGACGGCAAGGCTCCCGA
CGATCTCATGACTTGCAACGAGCTGAT TCTCGATGAGGAC TCTGGCGAGCTGCAGGAGGTGAACCGAGAGCCCGE
CGCCAACAACGTCGGTATGGTTGCGTGGAAGT TTGAGGCCAAGACCCCCGAGTACCCTCGAGGCCGATCTTTCAT
CGTGETGGCCAACGATATCACCTTCCAGATTGGT TCGT TTGGCCCTGCTGAGGACCAGTTCTTC TTCAAGGTGAC
GGAGCTGGCTCGAAAGCTCGGTATTCCTCGAATC TATCTGTCTGCCAACTC TGGTGCT CGAATCGGCATTGCTGA
CGAGCTCGTTGGCAAGTACAAGGTTGCGTGGAACGACGAGACTGACCCCTCCAAGGGCTTCAAGTACCTTTACTT
CACCCCTGAGTCTCTTGCCACCCTCAAGCCCGACACTGTTGTCACCACTGAGATTGAGGAGGAGGGTCCCAACGE
CGTGGAGAAGCGTCATGTGATCGACTACATTGTCGGAGAGAAGGACGGTCTCGGAGTCGAGTGT CTGCGGGGCTC
TGGTCTCATTGCAGGCGCCACTTCTCGAGCCTACAAGGATATCTTCACTCTCACTC TTGTCACCTGTCGATCCGT
TGGTATCGGTGCTTACCTTGTTCGTCTTGGTCAACGAGCCATCCAGATTGAGGGCCAGCCCATCATTCTCACTGE
TGCCCCCGCCATCAACAAGCTGC TTGGTCGAGAGGTCTACTCTTCCAAC TTGCAGC TTGGTGGTACTCAGATCAT
GTACAACAACGGTGTGTCTCATCTGAC TGCCCGAGATGATCTCAACGGTGTCCACAAGAT CATGCAGTGGCTGTC
ATACATCCCTGCTTCTCGAGGTCTTCCAGTGCCTGT TCTCCCTCACAAGACCGATGTGTGGGAT CGAGACGTGAC
GTTCCAGCCTGTCCGAGGCGAGCAGTACGATGTTAGATGGCTTAT TTCTGGCCGAACT CTCGAGGATGGTGCTTT

CGAGTCTGGTCTCTTTGACAAGGACTCTTTCCAGGAGACTCTGTCTGGCTGGGCCAAGGGTGTTGTTGTTGGTCG

26
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AGCTCGTCTTGECGGCATTCCCTTCGGTGTCATTGGTGTCGAGACTGCGACCGTCGACAATACTACCCCTGCCGA

TCCCGCCAACCCGGACTCTAT TGAGATGAGCACCTCTGAAGCCGGCCAGGTTTGGTACCCCAACTCGGCCTTCAA
GACCTCTCAGGCCATCAACGACTTCAACCATGGTGAGGCGCTTCCTCTCATGATTCTTGCTAACTGGCGAGGCTT
TTCTGGTGGTCAGCGAGACATGTACAATGAGGTTCTCAAGTACGGATCTTTCATTGTTGATGCTCTGGTTGACTA
CAAGCAGCCCATCATGGTGTACATCCCTCCCACCGGTGAGCTGCGAGGTGETTCTTGGET TGTGGT TGACCCCAC
CATCAACTCGGACATGATGGAGATGTACGCTGACGT CGAGTCTCGAGGTGETGTGC TGGAGC CCGAGGGAATGGT
CGGTATCAAGTACCGACGAGACAAGCTACTGGACACCATGGCTCGTCTGGATCCCGAGTACT CCTCTCTCAAGAA
GCAGCTTGAGGAGTCTCCCGATTCTGAGGAGCTCAAGGTCAAGCTCAGCGTGCGAGAGAAGTCTCTCATGCCCAT
CTACCAGCAGATCTCCGTGCAGT TTGCCGACTTGCATGACCGAGCTGGCCGAATGGAGGC CAAGGGTGTCATTCG
TGAGGCTCTTGTGTGGAAGGATGCT CGTCGATTCTTCT TCTGGCGAATCCGACGACGATTAGTCGAGGAGTACCT
CATTACCAAGATCAATAGCATTCTGCCCTCTTGCACTCGGCTTGAGTGTCTGGCTCGAAT CAAGTCGTGGAAGCC
TGCCACTCTTGATCAGGGCTCTGAC CGGGETETTGCCGAGTGGTTTGACGAGAACTCTGATGCCGTCTCTGCTCG
ACTCAGCGAGCTCAAGAAGGACGCTTCTGCCCAGTCGTTTGCT TCTCAACTGAGAAAGGACCGACAGGGTACTCT
CCAGGGCATGAAGCAGGCTCTCGCTTCTCTTTCTGAGECTGAGCGGGCTGAGCTGCTCAAGGGGTTGTGA
>gi|50548503 |ref |XP_501721.1| YALIOC11407p [Yarrowia lipolytica]
(SEQ ID NO:

MRLQLRTLTRRFFSMASGS STPDVAPLVDPNIHKGLASHFFGLNSVHTAKP SKVKEFVASHGGHTV INKVL IANN
GIAAVKEIRSVRKWAYETFGDERAISFTVMATPEDLAANADYIRMADQYVEVPGGTNNNNYANVELIVDVAERFG
VDAVWAGWGHASENPLLPESLAASPRKIVFIGPPGAAMRSLGDKISS TIVAQHAKVPCIPWSGTGVDEVVVDKST
NLVSVSEEVYTKGC TTGPKQGLEKAKQIGFPVMI KASEGGGGKGIRKVEREEDFEAAYHQVEGEIPGSPIFIMQL
AGNARHLEVQLLADQYGNNISLFGRDCSVQRRHQKI IEEAPVTVAGQQT FTAMEKAAVRLGKLVGYVSAGTVEYL
YSHEDDKFYFLELNPRLOVEHPTTEMV TGVNLPAAQLOIAMGI PLDRIKDIRLFYGVNPHTTTP IDFDFSGEDAD
KTOQRRPVPRGHTTACRI TSEDPGEGFKPSGGTMHELNFRS SSNVWGYFSVGNQGGIHSFSDSQFGHIFAFGENRS
ASRKHMVVALKELSIRGDFRTTVEYLIKLLETPDFEDNTITTGWLDELISNKLTAERPDSFLAVVCGAATKAHRA
SEDSIATYMASLEKGQVPARDILKTLFPVDFIYEGQRYKFTATRSSEDSYTLFINGSRCDIGVRPLSDGGILCLY
GGRSHNVYWKEEVGATRLSVDSKTCLLEVENDPTQLRS PSPGKLVKFLVENGDHVRANQPYAET EVMKMYMTL TA
QEDGIVQLMKQPGSTIEAGDILGILALDDPSKVKHAKPFEGQLPELGPPTLSGNKPHQRY EHCONVLHNILLGFD
NQVVMKSTLQEMVGLLRNPELPYLQWAHQOVSSLHTRMSAKLDATLAGLIDKAKQRGGEFPAKQLLRALEKEASSG
EVDALFQQTLAPLFDLAREYQODGLAIHELQVAAGLLQAYYDSEARFCGPNVRDEDV ILKLREENRDSLRKVVMAQ
LSHSRVGAKNNLVLALLDEYKVADQAGTDSPASNVHVAKYLRPVLRKIVELESRASAKVSLKAREILIQCALPSL
KERTDQLEHILRSSVVESRYGEVGLEHRTPRADI LKEVVDSKY IVFDVLAQFFAHDDPWIVLAALELYIRRACKA
YSILDINYHQDSDLPPVISWRFRLPTMSSALYNSVVSSGSKTPTSPSVSRADSVSDFSYTVERDSAPARTGAIVA
VPHLDDLEDALTRVLENLPKRGAGLAI SVGASNKSAAASARDAAAAAAS SVDTGLSNICNVMIGRVDESDDDDTL
IARISQVIEDFKEDFEACSLRRITFSFGNSRGTYPKYFTFRGPAYEEDPTIRHIEPALAFQLELARLSNFDIKPYV
HTDNRNIHVYEATGKNAASDKRFFTRGIVRPGRLRENIPTSEYLISEADRLMSDILDALEVIGTTNSDLNHIFIN
FSAVFALKPEEVEAAFGGFLERFGRRLWRLRVTGAEIRMMVSDPETGSAFPLRAMINNVSGYVVQSELYAEAKND
KGOWIFKSLGKPGSMHMRS INTPYP TKEWLQPKRYKAHLMGTTYCYDFPELFRQSI ESDWKKYDGKAPDDLMTCN
ELILDEDSGELQEVNREPGANNVGMVAWKFEAKTPEYPRGRSFIVVANDITFQIGSFGPAEDQFFFKVTELARKL
GIPRIYLSANSGARIGIADELVGKYKVAWNDETDPSKGFKYLYFTPESLATLKPDTVVTTEI EEEGPNGVEKRHV
IDYIVGEKDGLGVECLRGSGLIAGATSRAYKDIFTLTLVTCRSVGIGAYLVRLGORAIQIEGQPIILTGAPAINK

LLGREVYSSNLQLGGTQIMYNNGVSHLTARDDLNGVHKIMOWLSYIPASRGLPVPVLPHKTDVWDRDVTFQPVRG

EQYDVRWLISGRTLEDGAFESGLFDKDSFQETLSGWAKGVVVGRARLGGIPFGVIGVETATVDNTTPADPANPDS

28
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IEMSTSEAGQVWYPNSAFKTSQAINDFNHGEALPLMILANWRGFSGGQORDMYNEVLKYGSFIVDALVDYKQPIMV
YIPPTGELRGGSWVVVDPTINSDMMEMYADVESRGGVLEPEGMVGIKYRRDKLLDTMARLDPEYSSLKKQLEESP
DSEELKVKLSVREKSLMPIYQQISVQFADLHDRAGRMEAKGVIREALVWKDARRFFFWRIRRRLVEEYLITKINS

ILPSCTRLECLARIKSWKPATLDQGSDRGVAEWFDENSDAVSARLSELKKDASAQSFASQLRKDRQGTLQGMKQA

30

LASLSEAERAELLKGL.

Some aspects of this invention provide a method for the
manipulation of the activity of a stearoyl-CoA-desaturase
(SCD) in a microbe for biofuel or biofuel precursor produc-
tion. SCD is a A9 desaturase that inserts a double bond
between C9 and C10 of stearic acid coupled to CoA, a key
step in the generation of desaturated fatty acids and their
derivatives, as described in more detail elsewhere herein. In
some embodiments, the manipulation is an overexpression. In
some embodiments, the manipulation is effected by contact-
ing a microbe for biofuel or biofuel precursor production with
an expression construct comprising a nucleic acid coding for
a SCD gene product, for example, a SCD protein, operably
linked to a heterologous promoter, for example, a constitutive
or an inducible promoter. In some embodiments, the nucleic
acid coding for an SCD gene product comprises the coding
sequence of SEQ ID NO: 13. In some embodiments, the SCD
is ¥ lipolytica SCD, for example, Y. lipolytica SCD compris-
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ing the amino acid sequence of SEQ ID NO: 14. In some
embodiments, the microbe is Y. /ipolytica. In some embodi-
ments, manipulation of the activity of a SCD in a microbe is
effected to confer a beneficial phenotype for large-scale car-
bohydrate to lipid conversion, for example increased lipid
synthesis rate, increased carbohydrate to lipid conversion
efficiency, increased lipid storage and, increased growth rate,
increased tolerance to elevated concentrations of a carbon
source or a lipid product. Stearoyl-CoA Desaturase gene and
gene product sequences are well known to those of skill in the
art. Exemplary, representative gene and gene product
sequences can be found under the entry for GenelD: 852825
in the NCBI database (www.ncbi.nlm.nih.gov).

Non-limiting examples of suitable sequences of SCD
nucleic acid and protein sequences are provided below. Addi-
tional suitable SCD sequences, including sequences from
other species, will be apparent to those of skill in the art, and
the invention is not limited in this respect.

>gi|50548052 |ref [XM_501496.1| Yarrowia lipolytica YALIOC05951p (YALIOC05951g)
mRNA, complete cds
(SEQ ID NO:

ATGGTGAARAACGTGGACCAAGTGGATCTCTCGCAGGT CGACACCATTGCCTCCGGCCGAGATGTCAACTACARG
GTCAAGTACACCTCCGGCGTTAAGATGAGCCAGGGCGCCTACGACGACAAGGGCCGCCACATTTCCGAGCAGCCC
TTCACCTGGGCCAACTGGCACCAGCACATCAACTGGCTCAACTTCATTCTGGTGATTGCGCTGCCTCTGTCGTCC
TTTGCTGCCGCTCCCTTCGTCTCCTTCAACTGGAAGACCGCCGCGTTTGCTGTCGGCTATTACATGTGCACCGGT
CTCGGTATCACCGCCGGCTACCACCGAATGTGGGCCCATCGAGCCTACAAGGCCGCTCTGCCCGTTCGAATCATC
CTTGCTCTGT TTGGAGGAGGAGCTGTCGAGGGCTCCATCCGATGGTGGGCCTCGTCTCACCGAGTCCACCACCGA
TGGACCGACTCCAACAAGGACCCTTACGACGCCCGARAGGGATTCTGGTTCTCCCACTTTGGCTGGATGCTGCTT
GTGCCCAACCCCAAGAACAAGGGCCGAACTGACATTTCTGACCTCAACAACGACTGGGTTGTCCGACTCCAGCAC
AAGTACTACGTTTACGTTCTCGT CTTCATGGCCATTGT TCTGCCCACCCTCGTCTGTGGCTT TGGCTGGGGCGAC
TGGAAGGGAGGTCTTGTCTACGCCGGTATCATGCGATACACCTTTGTGCAGCAGGTGACT TTCTGTGTCAACTCC
CTTGCCCACTGGATTGGAGAGCAGCCCTTCGACGACCGACGAACTCCCCGAGACCACGCTCTTACCGCCCTGGTC
ACCTTTGGAGAGGGCTACCACAACTTCCACCACGAGTTCCCCTCGGACTACCGAAACGCCCTCATCTGGTACCAG
TACGACCCCACCAAGTGGCTCATCTGGACCCTCAAGCAGGTTGGTCTCGCCTGGGACCTCCAGACCTTCTCCCAG
AACGCCATCGAGCAGGGTCTCGTGCAGCAGCGACAGAAGAAGCTGGACAAGTGGCGAAACAACCTCAACTGGGGT
ATCCCCATTGAGCAGCTGCCTGT CATTGAGTT TGAGGAGT TCCAAGAGCAGGCCAAGACCCGAGATCTGGTTCTC
ATTTCTGGCATTGTCCACGACGTGTCTGCCTTTGTCGAGCACCACCCTGGTGGAAAGGCCCTCATTATGAGCGCC
GTCGGCAAGGACGGTACCGCTGTCTTCAACGGAGGTGTCTACCGACACTCCAACGCTGGCCACAACCTGCTTGCC
ACCATGCGAGTTTCGGTCATTCGAGGCGGCATGGAGGT TGAGGTGTGGAAGACTGCCCAGAACGAAAAGAAGGAC

CAGAACATTGTCTCCGATGAGAGTGGAAACCGAATCCACCGAGCTGGTCTCCAGGCCACCCGGGTCGAGAACCCC

GGTATGTCTGGCATGGCTGCTTAG

13)
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>gi|50548053 |ref |XP_501496.1| YALIOCO05951p [Yarrowia lipolytical
(SEQ ID NO:

MVKNVDQVDLSQVDTIASGRDVNYKVKYTSGVKMSQGAYDDKGRHI SEQPF TWANWHQHINWLNFILVIALPLSS
FAAAPFVSFNWKTAAFAVGYYMCTGLGITAGYHRMWAHRAYKAALPVRI ILALFGGGAVEGS IRWWASSHRVHHR
WTDSNKDPYDARKGFWFSHFGWMLLVPNPKNKGRTD I SDLNNDWVVRLOHKYYVYVLVFMAIVLPTLVCGFGWGD
WKGGLVYAGIMRYTFVQQVTFCVNSLAHWI GEQPFDDRRTPRDHALTALVTFGEGYHNFHHEFPSDYRNALIWYQ

YDPTKWLIWTLKQVGLAWDLQTFSQNATEQGLVQORQKKLDKWRNNLNWGIPIEQLPVIEFEEFQEQAKTRDLVL

ISGIVHDVSAFVEHHPGGKALIMSAVGKDGTAVEFNGGVYRHSNAGHNLLATMRVSVIRGGMEVEVWKTAQNEKKD

ONIVSDESGNRIHRAGLQATRVENPGMSGMAA

Some aspects of this invention provide a method for the
manipulation of the activity of an ATP-citrate lyase (ACL) in
a microbe for biofuel or biofuel precursor production. ACL
provides cytosolic acetyl-CoA by cleaving citrate which is
shuttled out of the mitochondria as a product of the TCA
cycle. Cleaving citrate into oxaloacetate and acetyl-CoA,
ACL gene products provide an acetyl-CoA substrate for
ACC, which then mediates the conversion of acetyl-CoA, the
main C2-precursor in fatty acid synthesis, to malonyl-CoA,
which is considered the first committed step in fatty acid
synthesis, as described in more detail elsewhere herein. In
some embodiments, an ACL gene product is a protein com-
posed of two subunits encoded by separate genes. In some
embodiments, an ACL. gene product is composed of two
subunits encoded by the same gene. In some embodiments,
the manipulation is an overexpression. In some embodiments,
the manipulation is effected by contacting a microbe for
biofuel or biofuel precursor production with an expression
construct comprising a nucleic acid coding for an ACL gene
product, for example, an ACL protein, operably linked to a
heterologous promoter, for example, a constitutive or an
inducible promoter. In some embodiments, the nucleic acid

ATP Citrate Lyase
YALIOE34793g
XM_504787
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(Yarrowia lipolytica)

coding for an ACL gene product comprises the coding
sequences of SEQ ID NO: 15 and SEQ ID NO: 17. In some
embodiments, the ACL is Y. lipolytica ACL, for example, Y.
lipolytica ACL comprising the amino acid sequences of SEQ
ID NO: 16 and SEQ ID NO: 18. In some embodiments, the
microbe is Y. lipolytica. In some embodiments, manipulation
of the activity of a ACL in a microbe is effected to confer a
beneficial phenotype for large-scale carbohydrate to lipid
conversion, for example increased lipid synthesis rate,
increased carbohydrate to lipid conversion efficiency,
increased lipid storage and, increased growth rate, increased
tolerance to elevated concentrations of a carbon source or a
lipid product. ATP-citrate lyase gene and gene product
sequences are well known to those of skill in the art. Exem-
plary, representative gene and gene product sequences can be
found under the entry for GenelD: 2912101 and 2910381 in
the NCBI database (www.ncbi.nlm.nih.gov).

Non-limiting examples of suitable sequences of ACL
nucleic acid and protein sequences are provided below. Addi-
tional suitable ACL sequences, including sequences from
other species, will be apparent to those of skill in the art, and
the invention is not limited in this respect.

ACL1 DNA

subunit 1,

(SEQ ID NO: 15)

ATGTCTGCCAACGAGAACATCTCCCGATTCGACGCCCCTGTGGGCAAGGAGCACCCCGCCTACGAGCTCTTCCAT

AACCACACACGATCTTTCGTCTATGGTCTCCAGCCTCGAGCCTGCCAGGGTATGCTGGACTTCGACTTCATCTGT

AAGCGAGAGAACCCCTCCGTGGCCGGTGTCATCTATCCCTTCGGCGGCCAGTTCGTCACCAAGATGTACTGGGGC

ACCAAGGAGACTCTTCTCCCTGTCTACCAGCAGGTCGAGAAGGCCGCTGCCAAGCACCCCGAGGTCGATGTCGTG

GTCAACTTTGCCTCCTCTCGATCCGTCTACTCCTCTACCATGGAGCTGCTCGAGTACCCCCAGTTCCGAACCATC

GCCATTATTGCCGAGGGTGTCCCCGAGCGACGAGCCCGAGAGATCCTCCACAAGGCCCAGAAGAAGGGTGTGACC

ATCATTGGTCCCGCTACCGTCGGAGGTATCAAGCCCGGTTGCTTCAAGGTTGGAAACACCGGAGGTATGATGGAC

AACATTGTCGCCTCCAAGCTCTACCGACCCGGCTCCGTTGCCTACGTCTCCAAGTCCGGAGGAATGTCCAACGAG

CTGAACAACATTATCTCTCACACCACCGACGGTGTCTACGAGGGTATTGCTATTGGTGGTGACCGATACCCTGGT

ACTACCTTCATTGACCATATCCTGCGATACGAGGCCGACCCCAAGTGTAAGATCATCGTCCTCCTTGGTGAGGTT

GGTGGTGTTGAGGAGTACCGAGTCATCGAGGCTGTTAAGAACGGCCAGATCAAGAAGCCCATCGTCGCTTGGGCC

ATTGGTACTTGTGCCTCCATGTTCAAGACTGAGGTTCAGTTCGGCCACGCCGGCTCCATGGCCAACTCCGACCTG

GAGACTGCCAAGGCTAAGAACGCCGCCATGAAGTCTGCTGGCTTCTACGTCCCCGATACCTTCGAGGACATGCCC

GAGGTCCTTGCCGAGCTCTACGAGAAGATGGT CGCCAAGGGCGAGCTGTCTCGAATCTCTGAGCCTGAGGTCCCC

AAGATCCCCATTGACTACTCTTGGGCCCAGGAGCTTGGTCTTATCCGAAAGCCCGCTGCTTTCATCTCCACTATT
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TCCGATGACCGAGGCCAGGAGCTTCTGTACGCTGGCATGCCCATTTCCGAGGTTTTCAAGGAGGACATTGGTATC
GGCGGTGTCATGTCTCTGCTGTGGTTCCGACGACGACTCCCCGACTACGCCTCCAAGTTTCTTGAGATGGTTCTC
ATGCTTACTGCTGACCACGGTCCCGCCGTATCCGGTGCCATGAACACCATTATCACCACCCGAGCTGGTAAGGAT
CTCATTTCTTCCCTGGTTGCTGGTCTCCTGACCATTGGTACCCGATTCGGAGGTGCTCTTGACGGTGCTGCCACC
GAGTTCACCACTGCCTACGACAAGGGTCTGTCCCCCCGACAGTTCGTTGATACCATGCGAAAGCAGAACAAGCTG
ATTCCTGGTATTGGCCATCGAGTCAAGTCTCGAAACAACCCCGATTTCCGAGTCGAGCTTGTCAAGGACTTTGTT
AAGAAGAACTTCCCCTCCACCCAGCTGCTCGACTACGCCCTTGCTGTCGAGGAGGTCACCACCTCCAAGAAGGAC
AACCTGATTCTGAACGTTGACGGTGCTATTGCTGTTTCTTTTGTCGATCTCATGCGATCTTGCGGTGCCTTTACT
GTGGAGGAGACTGAGGACTACCTCAAGAACGGTGTTCTCAACGGTCTGTTCGTTCTCGGTCGATCCATTGGTCTC
ATTGCCCACCATCTCGATCAGAAGCGACTCAAGACCGGTCTGTACCGACATCCTTGGGACGATATCACCTACCTG
GTTGGCCAGGAGGCTATCCAGAAGAAGCGAGT CGAGATCAGCGCCGGCGACGTTTCCAAGGCCAAGACTCGATCA
TAG
ATP Citrate Lyase (Yarrowia lipolytica) subunit 1, ACL1l Protein
YALIOE34793p
XP_504787

(SEQ ID NO: 16)
MSANENISRFDAPVGKEHPAYELFHNHTRSFVYGLQPRACQGMLDFDFICKRENPSVAGVIYPFGGQFVTKMYWG
TKETLLPVYQQVEKAAAKHPEVDVVVNFASSRSVYSSTMELLEYPQFRTIAIIAEGVPERRAREILHKAQKKGVT
IIGPATVGGIKPGCFKVGNTGGMMDNIVASKLYRPGSVAYVSKSGGMSNELNNIISHTTDGVYEGIAIGGDRYPG
TTFIDHILRYEADPKCKIIVLLGEVGGVEEYRVIEAVKNGQIKKPIVAWAIGTCASMFKTEVQFGHAGSMANSDL
ETAKAKNAAMKSAGFYVPDTFEDMPEVLAELYEKMVAKGELSRISEPEVPKIPIDYSWAQELGLIRKPAAFISTI
SDDRGQELLYAGMPISEVFKEDIGIGGVMSLLWFRRRLPDYASKFLEMVLMLTADHGPAVSGAMNTIITTRAGKD
LISSLVAGLLTIGTRFGGALDGAATEFTTAYDKGLSPRQFVDTMRKONKLIPGIGHRVKSRNNPDFRVELVKDFEV
KKNFPSTQLLDYALAVEEVTTSKKDNLILNVDGAIAVSFVDLMRSCGAFTVEETEDYLKNGVLNGLFVLGRSIGL
IAHHLDQKRLKTGLYRHPWDDITYLVGQEAIQKKRVEISAGDVSKAKTRS
ATP Citrate lyase (Yarrowia lipolytica) subunit 2, ACL2 DNA
YALIOD24431g
XM_503231

(SEQ ID NO: 17)
ATGTCAGCGAAATCCATTCACGAGGCCGACGGCAAGGCCCTGCTCGCACACTTTCTGTCCAAGGCGCCCGTGTGG
GCCGAGCAGCAGCCCATCAACACGTTTGAAATGGGCACACCCAAGCTGGCGTCTCTGACGTTCGAGGACGGCGTG
GCCCCCGAGCAGATCTTCGCCGCCGCTGAAAAGACCTACCCCTGGCTGCTGGAGTCCGGCGCCAAGTTTGTGGCC
AAGCCCGACCAGCTCATCAAGCGACGAGGCAAGGCCGGCCTGCTGGTACTCAACAAGT CGTGGGAGGAGTGCAAG
CCCTGGATCGCCGAGCGGGCCGCCAAGCCCATCAACGTGGAGGGCATTGACGGAGTGCTGCGAACGTTCCTGGTC
GAGCCCTTTGTGCCCCACGACCAGAAGCACGAGTACTACATCAACATCCACTCCGTGCGAGAGGGCGACTGGATC
CTCTTCTACCACGAGGGAGGAGTCGACGTCGGCGACGTGGACGCCAAGGCCGCCAAGATCCTCATCCCCGTTGAC
ATTGAGAACGAGTACCCCTCCAACGCCACGCTCACCAAGGAGCTGCTGGCACACGTGCCCGAGGACCAGCACCAG
ACCCTGCTCGACTTCATCAACCGGCTCTACGCCGTCTACGTCGATCTGCAGTTTACGTATCTGGAGATCAACCCC
CTGGTCGTGATCCCCACCGCCCAGGGCGTCGAGGTCCACTACCTGGATCTTGCCGGCAAGCTCGACCAGACCGCA
GAGTTTGAGTGCGGCCCCAAGTGGGCTGCTGCGCGGTCCCCCGCCGCTCTGGGCCAGGTCGTCACCATTGACGCC
GGCTCCACCAAGGTGTCCATCGACGCCGGCCCCGCCATGGTCTTCCCCGCTCCTTTCGGT CGAGAGCTGTCCAAG
GAGGAGGCGTACATTGCGGAGCTCGATTCCAAGACCGGAGCTTCTCTGAAGCTGACTGTTCTCAATGCCAAGGGC

CGAATCTGGACCCTTGTGGCTGGTGGAGGAGCCTCCGTCGTCTACGCCGACGCCATTGCGTCTGCCGGCTTTGCT

GACGAGCTCGCCAACTACGGCGAGTACTCTGGCGCTCCCAACGAGACCCAGACCTACGAGTACGCCAAAACCGTA
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CTGGATCTCATGACCCGGGGCGACGCTCACCCCGAGGGCAAGGTACTGTTCATTGGCGGAGGAATCGCCAACTTC

ACCCAGGTTGGATCCACCTTCAAGGGCATCATCCGGGCCTTCCGGGACTACCAGTCTTCTCTGCACAACCACAAG

GTGAAGATTTACGTGCGACGAGGCGGTCCCAACTGGCAGGAGGGTCTGCGGTTGAT CAAGTCGGCTGGCGACGAG

CTGAATCTGCCCATGGAGATTTACGGCCCCGACATGCACGTGTCGGGTATTGTTCCTTTGGCTCTGCTTGGAAAG

CGGCCCAAGAATGTCAAGCCTTTTGGCACCGGACCTTCTACTGAGGCTTCCACTCCTCTCGGAGTTTAA

ATP Citrate lyase
YALIOD24431p
XP_503231

(Yarrowia lipolytica) subunit 2,

ACL2 Protein

(SEQ ID NO: 18)

MSAKSTHEADGKALLAHFLSKAPVWAEQQPINTFEMGTPKLASLTFEDGVAPEQIFAAAEKTYPWLLESGAKFVA

KPDQLIKRRGKAGLLVLNKSWEECKPWIAERAAKPINVEGIDGVLRTFLVEPFVPHDQKHEYYINIHSVREGDWI

LFYHEGGVDVGDVDAKAAKILIPVDIENEYPSNATLTKELLAHVPEDQHQTLLDFINRLYAVYVDLQFTYLEINP

LVVIPTAQGVEVHYLDLAGKLDQTAEFECGPKWAAARSPAALGQVVTIDAGSTKVSIDAGPAMVFPAPFGRELSK

EEAYIAELDSKTGASLKLTVLNAKGRIWTLVAGGGASVVYADAIASAGFADELANYGEYSGAPNETQTYEYAKTV

LDLMTRGDAHPEGKVLFIGGGIANFTQVGS TFKGIIRAFRDYQSSLHNHKVKI YVRRGGPNWQEGLRLIKSAGDE

LNLPMEIYGPDMHVSGIVPLALLGKRPKNVKPFGTGPSTEASTPLGV

Some aspects of this invention provide oleaginous
microbes for oil production comprising any of the modifica-
tions described herein, for example, in combination with
modification of XYL1/XYL2 (and optionally XYL3) or
XYLA: a DGA1 modification as described herein, an ACC1
modification as described herein, and/or an SCD modifica-
tion as described herein. In some embodiments, a modified
oleaginous microbe is provided that comprises a push modi-
fication as described herein and a pull modification as
described herein. In some embodiments, the push modifica-
tion comprises overexpression of an ACC1 gene product. In
some embodiments, the pull modification comprises overex-
pression of a DGA1 and/or an SCD gene product.

Some aspects of this invention provide nucleic acids cod-
ing for a gene product conferring a required and/or desired
phenotype for biofuel or biofuel precursor production to a
microbe, for example, Y. lipolytica. In some embodiments,
the nucleic acid encodes an XYL 1 gene product, for example,
an XYL1 protein. In some embodiments, the nucleic acid
encodes an XYL2 gene product, for example, an XYL.2 pro-
tein. In some embodiments, the nucleic acid encodes an
XYL3 gene product, for example, an XYL3 protein. In some
embodiments, the nucleic acid encodes an XYL A gene prod-
uct, for example, an XYLA protein. In some embodiments,
the nucleic acid is a nucleic acid derived from Y. /ipolytica. In
some embodiments, the nucleic acid encodes a DGA1 gene
product, for example, a DGA1 protein. In some embodi-
ments, the nucleic acid encodes an ACC1 gene product, for
example, an ACC1 protein. In some embodiments, the nucleic
acid encodes a desaturase, for example a A9 desaturase. In
some embodiments, the nucleic acid encodes Y. lipolytica A9
desaturase (SCD). In some embodiments, a nucleic acid is
provided that encodes a combination of gene products, for
example in multiple cistrons, comprising a gene product the
overexpression of which represents a push modification of
lipid biosynthesis (e.g., an ACC1 gene product), and a gene
product the overexpression of which represents a pull modi-
fication of lipid biosynthesis (e.g., a DGA1 and/or SCD gene
product).

The term “nucleic acid” refers to a molecule comprising
multiple linked nucleotides. “Nucleic acid” and “nucleic acid
molecule” are used interchangeably and refer to oligoribo-
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nucleotides as well as oligodeoxyribonucleotides. The terms
also include polynucleosides (i.e., a polynucleotide minus a
phosphate) and any other organic base containing nucleic
acid. The organic bases include adenine, uracil, guanine,
thymine, cytosine and inosine. The nucleic acids may be
single or double stranded. The nucleic acid may be naturally
or non-naturally occurring. Nucleic acids can be obtained
from natural sources, or can be synthesized using a nucleic
acid synthesizer (i.e., synthetic). [solation of nucleic acids are
routinely performed in the art and suitable methods can be
found in standard molecular biology textbooks. (See, for
example, Maniatis’ Handbook of Molecular Biology.) The
nucleic acid may be DNA or RNA, such as genomic DNA,
mitochondrial DNA, mRNA, cDNA, rRNA, miRNA, PNA or
LNA, or a combination thereof, as described herein. Non-
naturally occurring nucleic acids such as bacterial artificial
chromosomes (BACs) and yeast artificial chromosomes
(YACs) can also be used in accordance with some aspects of
this invention.

Some aspects of this invention relate to the use of nucleic
acid derivatives. The use of certain nucleic acid derivatives
may increase the stability of the nucleic acids of the invention
by preventing their digestion, particularly when they are
exposed to biological samples that may contain nucleases. As
used herein, a nucleic acid derivative is a non-naturally occur-
ring nucleic acid or a unit thereof. Nucleic acid derivatives
may contain non-naturally occurring elements such as non-
naturally occurring nucleotides and non-naturally occurring
backbone linkages. Nucleic acid derivatives according to
some aspects of this invention may contain backbone modi-
fications such as but not limited to phosphorothioate linkages,
phosphodiester modified nucleic acids, combinations of
phosphodiester and phosphorothioate nucleic acid, meth-
ylphosphonate, alkylphosphonates, phosphate esters, alky-
Iphosphonothioates, phosphoramidates, carbamates, carbon-
ates, phosphate triesters, acetamidates, carboxymethyl esters,
methylphosphorothioate, phosphorodithioate, p-ethoxy, and
combinations thereof. The backbone composition of the
nucleic acids may be homogeneous or heterogeneous.

Nucleic acid derivatives according to some aspects of this
invention may contain substitutions or modifications in the
sugars and/or bases. For example, some nucleic acid deriva-
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tives may include nucleic acids having backbone sugars
which are covalently attached to low molecular weight
organic groups other than a hydroxyl group at the 3' position
and other than a phosphate group at the 5' position (e.g., an
2'-0-alkylated ribose group). Nucleic acid derivatives may
include non-ribose sugars such as arabinose. Nucleic acid
derivatives may contain substituted purines and pyrimidines
such as C-5 propyne modified bases, 5-methylcytosine,
2-aminopurine, 2-amino-6-chloropurine, 2,6-diaminopurine,
hypoxanthine, 2-thiouracil and pseudoisocytosine.

In some embodiments, a nucleic acid may comprise a
peptide nucleic acid (PNA), a locked nucleic acid (LNA),
DNA, RNA, or a co-nucleic acids of the above such as DNA-
LNA co-nucleic acid.

As used herein the term “isolated nucleic acid molecule”
refers to a nucleic acid that is not in its natural environment,
for example a nucleic acid that has been (i) extracted and/or
purified from a cell or microbe, for example, a bacteria or
yeast, by methods known in the art, for example, by alkaline
lysis of the host cell and subsequent purification of the nucleic
acid, for example, by a silica adsorption procedure; (ii) ampli-
fied in vitro, for example, by polymerase chain reaction
(PCR); (iii) recombinantly produced by cloning, for example,
a nucleic acid cloned into an expression vector; (iv) frag-
mented and size separated, for example, by enzymatic digest
in vitro or by shearing and subsequent gel separation; or (v)
synthesized by, for example, chemical synthesis. In some
embodiments, the term “isolated nucleic acid molecule”
refers to (vi) an nucleic acid that is chemically markedly
different from any naturally occurring nucleic acid. In some
embodiments, an isolated nucleic acid can readily be manipu-
lated by recombinant DNA techniques well known in the art.
Accordingly, a nucleic acid cloned into a vector, or a nucleic
acid delivered to a host cell and integrated into the host
genome is considered isolated but a nucleic acid in its native
state in its natural host, for example, in the genome of the host,
is not. An isolated nucleic acid may be substantially purified,
but need not be. For example, a nucleic acid that is isolated
within a cloning or expression vector is not pure in that it may
comprise only a small percentage of the material in the cell in
which it resides. Such a nucleic acid is isolated, however, as
the term is used herein.

Some aspects of this invention relate to nucleic acids
encoding a gene product conferring a required or desirable
phenotype to a microbe for biofuel or biofuel precursor pro-
duction which are linked to a promoter or other transcription
activating element. In some embodiments, the nucleic acid
encoding the gene product and linked to a promoter is com-
prised in an expression vector or expression construct. As
used herein, the terms “expression vector” or “expression
construct” refer to a nucleic acid construct, generated recom-
binantly or synthetically, with a series of specified nucleic
acid elements that permit transcription of a particular nucleic
acid in a host microbe, for example, an oleaginous yeast. In
some embodiments, the expression vector may be part of a
plasmid, virus, or nucleic acid fragment. In some embodi-
ments, the expression vector includes the coding nucleic acid
to be transcribed operably linked to a promoter. A promoter is
a nucleic acid element that facilitates transcription of a
nucleic acid to be transcribed. A promoter is typically located
on the same strand and upstream (or 5') of the nucleic acid
sequence the transcription of which it controls. In some
embodiments, the expression vector includes the coding
nucleic acid to be transcribed operably linked to a heterolo-
gous promoter. A heterologous promoter is a promoter not
naturally operably linked to a given nucleic acid sequence.
For example, the DGA1 gene in Y. lipolytica is naturally
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operably linked to the Y. /lipolytica DGA1 gene promoter. Any
promoter other than the wildtype Y. lipolytica DGA1 gene
promoter operably linked to the DGA1 gene, or parts thereof,
for example in an expression construct, would, therefore, be a
heterologous promoter in this context. For example, a TEF1
promoter linked to a nucleic acid encoding a DGA1 gene
product is a heterologous promoter in the DGA1 context.

In some embodiments, the expression vector includes a
coding nucleic acid, for example, a nucleic acid encoding a
XYL1 and XYL.2 (and optionally XYL.3) gene product, or a
XYLA gene product, and optionally a DGA1, ACC1, and/or
SCD gene product, operably linked to a constitutive pro-
moter. The term “constitutive promoter” refers to a promoter
that allows for continual transcription of its associated gene.
In some embodiments, the expression vector includes a cod-
ing nucleic acid, for example, a nucleic acid encoding a
XYL1 and XYL.2 (and optionally XYL.3) gene product, or a
XYLA gene product, and optionally a DGA1, ACC1, and/or
SCD gene product, operably linked to an inducible promoter.
The term “inducible promoter”, interchangeably used herein
with the term “conditional promoter”, refers to a promoter
that allows for transcription of its associated gene only in the
presence or absence of biotic or abiotic factors. Drug-induc-
ible promoters, for example tetracycline/doxycycline induc-
ible promoters, tamoxifen-inducible promoters, as well as
promoters that depend on a recombination event in order to be
active, for example the cre-mediated recombination of loxP
sites, are examples of inducible promoters that are well
known in the art.

Some aspects of this disclosure relate to the surprising
discovery that overexpression of a given gene product from a
heterologous promoter in oleaginous microbes can be signifi-
cantly enhanced by including an intron in the respective
expression construct. Some aspects of this disclosure provide
an intron-enhanced constitutive promoter for gene overex-
pression in oleaginous microbes and expression constructs
and vectors comprising this intron-enhanced promoter. In
some embodiments, an intron-enhanced TEF promoter is pro-
vided, that comprises a TEF promoter sequence, a transcrip-
tion start site, an intronic sequence downstream of the tran-
scription start site, and a coding nucleic acid sequence, for
example, a nucleic acid sequence encoding a XYL1 and
XYL2 (and optionally XYL.3) gene product, ora XYL.A gene
product, and optionally a DGA1, ACC1 and/or SCD gene
product. In some embodiments, the intron is positioned
downstream of the translation start site, yet within the open
reading frame ofthe gene sequence, e.g., after the start codon,
but before the termination site of the nucleic acid sequence
encoding the gene product. In some embodiments, the intron
is positioned immediately downstream of the translation start
site, e.g., an ATG start codon, yet upstream of the remainder
of the coding sequence. For illustration purposes, a non-
limiting, exemplary structure of an intron-enhanced expres-
sion construct is provided as follows:
5'-TEF promoter-transcription start site-intron-X YL 1 coding
sequence-3'. Another non-limiting, exemplary structure of an
intron-enhanced expression construct is provided as follows:
5-TEF promoter-transcription start site-start codon-intron-
XYL1 coding sequence-stop codon-3'. Expression constructs
for XYL2, XYL3, XYLA, DGA1, ACC1 and SCD gene
products would have the XYL.1 coding sequence substituted
by an XYL2, XYL3, XYLA, DGA1, ACC or SCD coding
sequence, respectively.

Suitable TEF promoter sequences as well as suitable intron
sequences will be apparent to those of skill in the art. Some
intron-less TEF promoter sequences are disclosed, for
example, in U.S. Pat. No. 6,265,185. Some exemplary, rep-
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resentative sequences are provided below. However, it will be
understood that the invention is not limited in this respect.
Exemplary TEF promoter sequence:

40
John N. Abelson, Melvin 1. Simon, Christine Guthrie, and
Gerald R. Fink, Guide to Yeast Genetics and Molecular Biol-
ogy, Part A, Volume 194 (Methods in Enzymology Series,

(SEQ ID NO: 19)

agagaccgggttggeggegeatttgtgteccaaaaaacagecccaattgecccaattgaccecaaattgacccagtagegggeccaa

cceeggegagageccecttetecccacatatcaaacctecccecggtteccacacttgecgttaagggegtagggtactgecagtetgga

atctacgcttgttcagactttgtactagtttetttgtetggecateecgggtaaceccatgecggacgcaaaatagactactgaaaatttttttge

tttgtggttgggactttagecaagggtataaaagaccacegtecccgaattacctttectettettttetetetetecttgtcaacteacacce

gaaatcgttaagcatttecttetgagtataagaatcattcaaa

Exemplary intron sequence:
gtgagtttcagaggcagcagcaattgc-
cacgggctitgagcacacggecgggt-
gtggtcecattcccatcgacacaagacgecacgt
cagtactaaccgcag (SEQ ID NO: 20)

Exemplary TEF promoter-intron sequence comprising a
start codon (ATG) between the promoter and the intron
sequences:

catccgaccageactttttg-

15

20

194), Academic Press (Mar. 11, 2004); Christine Guthrie and
Gerald R. Fink, Guide to Yeast Genetics and Molecular and
Cell Biology, Part B, Volume 350 (Methods in Enzymology,
Vol 350), Academic Press; 1st edition (Jul. 2, 2002); Christine
Guthrie and Gerald R. Fink, Guide to Yeast Genetics and
Molecular and Cell Biology, Part C, Volume 351, Academic
Press; 1st edition (Jul. 9, 2002); Gregory N. Stephanopoulos,
Aristos A. Aristidou and Jens Nielsen, Metabolic Engineer-

(SEQ ID NO: 21)

agagaccgggttggeggegeatttgtgteccaaaaaacagecccaattgecccaattgaccecaaattgacccagtagegggeccaa

cceeggegagageccecttetecccacatatcaaacctecccecggtteccacacttgecgttaagggegtagggtactgecagtetgga

atctacgcttgttcagactttgtactagtttetttgtetggecateecgggtaaceccatgecggacgcaaaatagactactgaaaatttttttge

tttgtggttgggactttagecaagggtataaaagaccacegtecccgaattacctttectettettttetetetetecttgtcaacteacacee

daaatcgttaagecatttecttetgagtataagaatcattcaaaATGgtgagtttcagaggcageagcaattgecacgggetttgagea

cacggecgggtgtggteccatteccategacacaagacgecacgtecatecgaccageactttttgeagtactaacegeag

Methods to deliver expression vectors or expression con-
structs into microbes, for example, into yeast cells, are well
known to those of skill in the art. Nucleic acids, including
expression vectors, can be delivered to prokaryotic and
eukaryotic microbes by various methods well known to those
of'skill in the relevant biological arts. Methods for the deliv-
ery of nucleic acids to a microbe in accordance to some
aspects of this invention, include, but are not limited to, dif-
ferent chemical, electrochemical and biological approaches,
for example, heat shock transformation, electroporation,
transfection, for example liposome-mediated transfection,
DEAE-Dextran-mediated transfection or calcium phosphate
transfection. In some embodiments, a nucleic acid construct,
for example an expression construct comprising a combina-
tion of XYL1, XYL2, XYL3, XYLA, DGA1, ACC1, and/or
SCD encoding nucleic acid sequences, is introduced into the
host microbe using a vehicle, or vector, for transferring
genetic material. Vectors for transferring genetic material to
microbes are well known to those of skill in the art and
include, for example, plasmids, artificial chromosomes, and
viral vectors. Methods for the construction of nucleic acid
constructs, including expression constructs comprising con-
stitutive or inducible heterologous promoters, knockout and
knockdown constructs, as well as methods and vectors for the
delivery of a nucleic acid or nucleic acid construct to a
microbe are well known to those of skill in the art, and are
described, for example, in J. Sambrook and D. Russell,
Molecular Cloning: A Laboratory Manual, Cold Spring Har-
bor Laboratory Press; 3rd edition (Jan. 15, 2001); David C.
Amberg, Daniel J. Burke; and Jeffrey N. Strathern, Methods
in Yeast Genetics: A Cold Spring Harbor Laboratory Course
Manual, Cold Spring Harbor Laboratory Press (April 2005);
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ing: Principles and Methodologies, Academic Press; 1 edi-
tion (Oct. 16, 1998); and Christina Smolke, The Metabolic
Pathway Engineering Handbook: Fundamentals, CRC Press;
1 edition (Jul. 28, 2009), all of which are incorporated by
reference herein.

In some embodiments, the native promoter of a gene
encoding a gene product conferring a required or desirable
phenotype to a microbe, for example, the native XYL1,
XYL2, XYL3, XYLA, DGA1, ACC1, or SCD promoter, is
modified in the microbe to alter the regulation of its transcrip-
tional activity. In some embodiment, the modified promoter
exhibits an increased transcriptional activity as compared to
its unmodified counterpart. The term “modified promoter”, as
used herein, refers to a promoter the nucleotide sequence of
which has been artificially altered. Nucleotide deletion(s),
insertion(s) or mutation(s), alone or in combination, are
examples of such artificial alterations. Artificial promoter
alterations can be effected in a targeted fashion, for example
by homologous recombination approaches, such as gene tar-
geting, knockout, knock in, site-directed mutagenesis, or arti-
ficial zinc finger nuclease-mediated strategies. Alternatively,
such alterations may be effected by a random or quasi-ran-
dom event, such as irradiation or non-targeted nucleotide
integration and subsequent selection. Promoter modifica-
tions, in general, are fashioned in order to modulate the tran-
scriptional activation properties of the respective promoter.
For example, the disruption or deletion of a regulatory ele-
ment mediating the repression of a XYL1, XYL2, XYL3,
XYLA, DGA1, ACC1, or SCD promoter in response to
elevated intracellular fatty acid levels would lead to continued
transcriptional activation of the respective gene even under
conditions of elevated intracellular fatty acid levels. Simi-
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larly, the insertion of a constitutively active transcriptional
activator element into a conditional promoter region may
effect overexpression of the respective gene under normally
inhibitive conditions. Methods for the targeted disruption of a
native promoter, for example, a native XYL1, XYL2, XYL3,
XYLA, DGA1, ACC1, or SCD promoter, in a microbe, for
example, for targeted disruption resulting in an increased
transcription rate, are well known to those of skill in the art.

Some aspects of this invention relate to engineering of a
microbe, for example, Y. lipolytica, to exhibit a required and/
or desirable phenotype for large-scale production of a biofuel
or biofuel precursor. Some aspects of this invention relate to
the metabolic engineering of the lipid synthesis pathway in
order to yield a microbe optimized for biofuel production.
Some aspects of this invention relate to metabolic engineer-
ing that comprises a combination of genetic modifications
modulating the expression of genes regulating carbon flux
into a lipid synthesis pathway in order to yield a microbe
optimized for biofuel production. In some embodiments, the
combination of genetic modifications includes a push modi-
fication and a pull modification. In some embodiments, the
push modification comprises a genetic modification that
increases the level of metabolites, acetyl-CoA, ATP, or
NADPH for lipid synthesis in a cell, for example, overexpres-
sion ofan ACC1 gene product. In some embodiments, the pull
modification is a genetic modification that decreases the level
of'a product or intermediary of lipid synthesis that exhibits a
feedback inhibitory function, for example, a fatty acid. In
some embodiments, the pull modification comprises overex-
pression of a DGA1 and/or an SCD gene product.
Engineered Microbes for Biofuel Production

Some aspects of this invention relate to a microbe engi-
neered and/or optimized for large-scale biofuel or biofuel
precursor production. In some embodiments, an engineered
microbe is provided that has been manipulated by a method or
using a nucleic acid or protein provided by some aspects of
this invention, for example, an expression construct or a com-
bination of expression constructs as provided herein, result-
ing in the overexpression of a gene product or a combination
of'gene products mediating the metabolism of a 5C sugar such
asxylose, suchas XYL1 and XY1.2, and optionally XYL3, or
XYLA. In some embodiments, an engineered microbe is
provided that has been manipulated by a method or using a
nucleic acid or protein provided by some aspects of this
invention, for example, an expression construct or a combi-
nation of expression constructs as provided herein, resulting
in the overexpression of a combination of a gene product
mediating a push process of lipid synthesis (e.g., an ACC1
product), and a gene product mediating a pull process of lipid
synthesis (e.g., a DGA1 and/or SCD gene product). In some
embodiments, an engineered microbe is provided, that over-
expresses a push-and-pull combination of gene products that,
according to some aspects of this invention, confers a
required and/or desirable phenotype for biofuel or biofuel
precursor production to the microbe. In some embodiments, a
microbe comprising an increased XYL1, XYL2, XYL3,
XYLA, DGA1, ACC1, SCD, or ACL gene product activity is
provided. In some embodiments, the microbe exhibits an
increased fatty acid synthesis rate, an increased TAG storage,
and/or an additional required or desirable trait.

In some embodiments, the engineered microbe is an ole-
aginous yeast, for example, Y. lipolytica. In some embodi-
ments, an engineered yeast provided by this invention exhib-
its one or more highly desirable and unexpected phenotypic
characteristics, for example: increased carbon to oil conver-
sion rate or efficiency, increased lipid accumulation in a lipid
body.
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In some embodiments, the engineered microbe, for
example, the engineered yeast, provided by aspects of this
invention exhibits a carbon to oil conversion rate within the
range of about 0.02 g/g (g oil, lipid, or TAG produced/g
Glucose consumed) to about 0.3 g/g. In some embodiments,
the engineered microbe, for example, the engineered yeast,
provided by aspects of this invention exhibits a carbon to oil
conversion of about 0.010 g/g (g TAG produced/g Glucose
consumed), about 0.02 g/g, about 0.025 g/g, about 0.03 g/g,
about 0.04 g/g, about 0.05 g/g, about 0.06 g/g, about 0.07 g/g,
about 0.075 g/g, about 0.08 g/g, about 0.09 g/g, about 0.1 g/g,
about0.11 g/g, about 0.12 g/g, about 0.13 g/g, about 0.14 g/g,
about 0.15 g/g, about 0.16 g/g, about 0.17 g/g, about 0.18 g/g,
about 0.19 g/g, about 0.2 g/g, about 0.21 g/g, about 0.22 g/g,
about 0.23 g/g, about 0.24 g/g, about 0.25 g/g, about 0.26 g/g,
about 0.27 g/g, about 0.28 g/g, about 0.29 g/g, about 0.3 g/g,
about 0.31 g/g, about 0.32 g/g, or approaching theoretical
values. In some embodiments, the engineered microbe, for
example, the engineered yeast, provided by aspects of this
invention exhibits a carbon to oil conversion rate of at least
about 0.010 g/g (g TAG produced/g Glucose consumed), at
least about 0.02 g/g, at least about 0.025 g/g, at least about
0.03 g/g, atleast about 0.04 g/g, atleast about 0.05 g/g, at least
about 0.06 g/g, atleast about 0.07 g/g, at least about 0.075 g/g,
at least about 0.08 g/g, at least about 0.09 g/g, at least about
0.1 g/g, at least about 0.11 g/g, at least about 0.12 g/g, at least
about 0.13 g/g, at least about 0.14 g/g, at least about 0.15 g/g,
at least about 0.16 g/g, at least about 0.17 g/g, at least about
0.18 g/g, at least about 0.19 g/g, at least about 0.2 g/g, at least
about 0.21 g/g, at least about 0.22 g/g, at least about 0.23 g/g,
at least about 0.24 g/g, at least about 0.25 g/g, at least about
0.26 g/g, atleast about 0.27 g/g, atleast about 0.28 g/g, at least
about 0.29 g/g, at least about 0.3 g/g, at least about 0.31 g/g,
at least about 0.32 g/g, or approaching theoretical values.

Some aspects of this invention provide engineered
microbes for oil production that can use a variety of carbon
sources, including, but not limited to fermentable sugars, for
example, C5 sugars, such as xylose; C6 sugars, such as glu-
cose; organic acids, e.g., acetic acid, and/or their salts, e.g.,
acetate; polyol compounds, such as glycerol; and sugar alco-
hols, such as arabitol.

Microbial Cultures for Biofuel Production

Some aspects of this invention relate to cultures of geneti-
cally modified microbes provided herein. In some embodi-
ments, the culture comprises a genetically modified microbe
provided herein and a medium, for example, a liquid medium.
In some embodiments, the culture comprises a genetically
modified microbe provided herein and a carbon source, for
example, a fermentable carbohydrate source, or an organic
acid or salt thereof. In some embodiments, the culture com-
prises a genetically modified microbe provided herein and a
salt and/or buffer establishing conditions of salinity, osmo-
larity, and pH, that are amenable to survival, growth, and/or
carbohydrate to biofuel or biofuel precursor conversion by
the microbe. In some embodiments, the culture comprises an
additional component, for example, an additive. Non-limiting
examples of additives are nutrients, enzymes, amino acids,
albumin, growth factors, enzyme inhibitors (for example pro-
tease inhibitors), fatty acids, lipids, hormones (e.g., dexam-
ethasone and gibberellic acid), trace elements, inorganic
compounds (e.g., reducing agents, such as manganese),
redox-regulators (e.g., antioxidants), stabilizing agents (e.g.,
dimethylsulfoxide), polyethylene glycol, polyvinylpyrroli-
done (PVP), gelatin, antibiotics (e.g., Brefeldin A), salts (e.g.,
NaCl), chelating agents (e.g., EDTA, EGTA), and enzymes
(e.g., cellulase, dispase, hyaluronidase, or DNase). In some
embodiments, the culture may comprise a drug inducing or
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inhibiting transcription from a conditional or inducible pro-
moter, for example doxicycline, tetracycline, tamoxifen,
IPTG, hormones, or metal ions.

While the specific culture conditions, for example, the
concentration of the carbon source, will depend upon the
respective engineered microorganism to be cultured, general
methods and culture conditions for the generation of micro-
bial cultures are well known to those of skill in the art, and are
described, for example, in J. Sambrook and D. Russell,
Molecular Cloning: A Laboratory Manual, Cold Spring Har-
bor Laboratory Press; 3rd edition (Jan. 15, 2001); David C.
Amberg, Daniel J. Burke; and Jeffrey N. Strathern, Methods
in Yeast Genetics: A Cold Spring Harbor Laboratory Course
Manual, Cold Spring Harbor Laboratory Press (April 2005);
John N. Abelson, Melvin 1. Simon, Christine Guthrie, and
Gerald R. Fink, Guide to Yeast Genetics and Molecular Biol-
ogy, Part A, Volume 194 (Methods in Enzymology Series,
194), Academic Press (Mar. 11, 2004); Christine Guthrie and
Gerald R. Fink, Guide to Yeast Genetics and Molecular and
Cell Biology, Part B, Volume 350 (Methods in Enzymology,
Vol 350), Academic Press; 1st edition (Jul. 2, 2002); and
Christine Guthrie and Gerald R. Fink, Guide to Yeast Genetics
and Molecular and Cell Biology, Part C, Volume 351, Aca-
demic Press; 1st edition (Jul. 9, 2002), all of which are incor-
porated by reference herein. For oil production, the cultures
of engineered microbes described herein are cultured under
conditions suitable for oil accumulation, as known in the art.

In some embodiments, the genetically modified microbe
exhibits a growth advantage over wild type microbes of the
same kind and/or over other microbes, for example, microbes
commonly found to contaminate microbial cultures for car-
bon source to biofuel or biofuel precursor conversion. In
some embodiments, the growth and/or proliferation advan-
tage of an engineered microbe provided by aspects of this
invention translates into the possibility of using non-sterile
culturing and fermentation conditions for biofuel or biofuel
precursor production, because the problem of culture over-
growth by contaminating microbes is mitigated or completely
abolished. In some embodiments, an engineered microbe pro-
vided by aspects of this invention is cultured under non-sterile
conditions for biofuel or biofuel precursor production. For
example, in some embodiments, non-sterilized feedstock,
non-sterilized culture media, non-sterilized supplements, or a
non-sterilized bioreactor (e.g. an open reactor under non-
sterile conditions) is used for biofuel or biofuel precursor
production.

A variety of different microbes can be genetically modified
according to some aspects of this invention and used for
industrial-scale biofuel or biofuel precursor production, for
example, microbes from various sources of yeast, such as
oleaginous yeast, bacteria, algae and fungi. Non-limiting
examples of suitable yeast cells are cells from Yarrowia
lipolytica, Hansenula polymorpha, Pichia pastoris, Saccha-
romyces cerevisiae, S. bayanus, S. K. lactis, Waltomyces
lipofer. Mortierella alpine, Mortierella isabellina, Hansenula
polymorpha., Mucor vouxii, Trichosporon cutaneu, Rhodot-
orula glutinis Saccharomyces diastasicus, Schwanniomyces
occidentalis, S. cerevisiae, Pichia stipitis, and Schizosaccha-
romyces pombe. Non-limiting examples of suitable bacteria
are Bacillus subtilis, Salmonella, Escherichia coli, Vibrio
cholerae,  Streptomyces,  Pseudomonas  fluorescens,
Pseudomonas putida, Pseudomonas sp, Rhodococcus sp,
Streptomyces sp, and Alcaligenes sp. Non-limiting examples
of suitable fungal cells can, for example, be cultured from
species such as Aspergillus shirousamii, Aspergillus niger
and Trichoderma reesei. Non-limiting examples of suitable
algal cells are cells from Neochloris oleoabundans, Scene-
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desmus obliquus, Nannochloropsis sp., Dunaliella terti-
olecta, Chlorella vulgaris, Chlorella emersonii, and Spir-
ulina maxima.

Methods for Biofuel Production/Feedstock/Bioreactors

Some aspects of this invention provide methods for the
production of biofuel or biofuel precursors using genetically
modified microbes provided herein. In some embodiments,
methods for biofuel or biofuel precursor production on an
industrial scale are provided.

A variety of carbon sources can be converted into a biofuel
or biofuel precursor using a method and/or a genetically
modified microbe provided herein. In some embodiments, the
carbon source comprises a carbohydrate. Sugars, starches,
and fibers are non-limiting examples of carbohydrate sources
suitable for conversion methods provided herein. According
to some aspects of this invention, a carbohydrate source may
comprise a refined and/or unrefined sugar, starch, and/or
fiber, or a combination of any of these. Non-limiting
examples of sugars are fermentable sugars, such as, xylose,
glucose, fructose, sucrose and lactose. Non-limiting
examples of starches are amylase and amylopectin. Non-
limiting examples of fibers are plant fibers, such as cellulose,
hemicellulose and wood fibers. Some aspects of this inven-
tion relate to the use of industrial byproducts, intermediates,
or waste products, for example raw plant extracts, molasses,
stover, or sewage as a carbon source. In some embodiments,
the carbon source is derived from algae. In some embodi-
ments, algal biomass is produced specifically for use as a
carbon source in microbe-mediated biofuel or biofuel precur-
sor production.

In some embodiments, methods for the production of bio-
fuel or biofuel precursor are provided that include the use of
a cheap, abundant, and readily available carbon source feed-
stock as the carbon source. In some embodiments, cellulose
or hemicellulose is used as the carbon source. In some
embodiments, the cellulose or hemicellulose is derived from
industrial by- or waste products. In some embodiments, the
cellulose or hemicellulose is derived directly from plant or
algal biomass. Plant or algal biomass is one of the most
abundant feedstocks and comprises a significant amount of
non-fermentable sugars and fibers, for example, cellulose and
hemi-cellulose. In some embodiments, biomass feedstock is
pretreated to convert a non-fermentable sugar or fiber into a
fermentable sugar, thus making them available for microbe
growth and microbe-mediated biofuel or biofuel precursor
production. In some embodiments, the pretreatment of bio-
mass feedstock includes depolymerizing cellulose and/or
hemicellulose components to monomeric sugars using a pre-
treatment method known to those of skill in the art, for
example, a dilute acid or ammonia fiber expansion (AFEX)
method (see, e.g., Yang B, Wyman C E. Dilute acid and
autohydrolysis pretreatment. Methods Mol Biol. 2009; 581:
103-14; Balan V, Bals B, Chundawat S P, Marshall D, Dale B
E, Lignocellulosic biomass pretreatment using AFEX Meth-
ods Mol Biol. 2009; 581:61-77). Other methods for depoly-
merization of biomass polymers to monomeric sugars are
well known to those of skill in the art and are contemplated to
be used in some embodiments of this invention.

In some embodiments, a biomass feedstock containing
non-fermentable sugars is pretreated using a dilute acid
method to depolymerize a non-fermentable sugar to a mono-
meric, fermentable sugar. In some embodiments, biomass is
treated with dilute sulphuric acid at moderately mild tempera-
tures for a defined period of time. For example, in some
embodiments, the biomass is treated with about 0.5%, about
1%, about 2%, about 3%, about 4%, about 5%, or about 6%
sulphuric acid. In some embodiments, the biomass is treated
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at about 30° C., at about 37° C., at about 40° C., at about 50°
C., at about 60° C., at about 70° C., at about 80° C., at about
90° C., at about 100° C., atabout 110° C., at about 120° C., at
about 130° C., at about 140° C., at about 150° C., at about
175° C., at about 200° C., or at above about 200° C.

In some embodiments, the resulting hydrolysate contains
insoluble lignin and solubilized cellulosic and hemicellulosic
polymers. The latter products can be further treated to gener-
ate hexose and pentose sugars such as glucose and xylose
monomers by methods well known to those of skill in the art,
for example, by treatment with cellulase or other hydrolyzing
enzymes. In some embodiments, the pretreatment of non-
fermentable sugars with dilute acid results in the generation
of by-products that include toxic compounds which inhibit
growth, decrease viability, and/or inhibit biofuel or biofuel
precursor production of microbes not engineered according
to aspects of this invention. In some embodiments, the pre-
treated feedstock is washed, supplemented with media sup-
porting microbial growth and biofuel or biofuel precursor
production, and/or over-limed for detoxification.

In some embodiments, a biomass feedstock containing
non-fermentable sugars is pretreated using an AFEX method
to depolymerize a non-fermentable sugar to a monomeric,
fermentable sugar. In some embodiments, biomass is treated
with liquid ammonia at high temperature and pressure for a
defined period of time. In some embodiments, biomass is
treated for about 10 minutes, about 20 minutes, about 30
minutes, about 40 minutes, about 50 minutes, about 60 min-
utes, about 70 minutes, about 80 minutes, about 90 minutes,
or longer. In some embodiments, biomass is treated at about
30° C., at about 37° C., at about 40° C., at about 50° C., at
about 60° C., at about 70° C., at about 80° C., at about 90° C.,
at about 100° C., at about 110° C., at about 120° C., at about
130° C., at about 140° C., at about 150° C., at about 175° C.,
at about 200° C., or at above about 200° C. In some embodi-
ments, the AFEX pretreatment results in the conversion of
crystalline cellulose contained in the feedstock into an amor-
phous, fermentable form. In some embodiments, the AFEX
pre-treated biomass feedstock does not contain significant
amounts of toxic byproducts that inhibit microbial growth
and/or biofuel or biofuel precursor production, and is used
without prior detoxification for microbial biofuel or biofuel
precursor production.

In some embodiments, biomass feedstock, with or without
pre-treatment, is treated with an enzyme that hydrolyzes or
depolymerizes sugar polymers, for example, with a cellulase
or hemicellulase enzyme. In some embodiments, the feed-
stock is contacted with the enzyme in a liquid phase and
incubated at a temperature allowing for the enzyme to cata-
lyze a depolymerization or hydrolyzation reaction for a time
sufficient to hydrolyze or depolymerize a significant amount
of the non-fermentable sugar or fiber in the biomass feed-
stock. In some embodiments, the liquid phase of the feed-
stock contacted with the enzyme, which contains the soluble,
fermentable sugar fraction, is separated from the solid phase,
including non-fermentable sugars and fibers, after incubation
for hydrolyzation and depolymerization, for example, by cen-
trifugation. In some embodiments, the liquid fraction of the
feedstock is subsequently contacted with a microbe, for
example, a microbe provided by aspects of this invention, for
conversion to biofuel or biofuel precursor. In some embodi-
ments, enzymatic conversion of non-fermentable sugars or
fiber occurs in a consolidated bioprocess, for example, at the
same time and/or in the same reactor as microbial conversion
of the produced fermentable sugars to biofuel or biofuel pre-
cursor. In some embodiments, the enzymatic conversion is
performed first, and the feedstock contacted with enzyme is
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subsequently contacted with the microbe for biofuel or bio-
fuel precursor production. In some embodiments, enzymatic
and microbial conversion are performed at the same time and
in the same reactor.

In some embodiments, an engineered microbe as provided
herein, for example, a Yarrowia lipolytica overexpressing a
XYL1,XYL2, XYL3, XYLA, DGA1, ACC1, SCD, or ACL
gene product, is grown on glycerol. In some embodiments,
the genetically modified microbes are intermittently con-
tacted with glycerol. In some embodiments, the microbes are
continuously or semi-continuously contacted with glycerol.
In some embodiments, the microbes are contacted with glyc-
erol at a concentration of about 0.5%, about 1%, about 2%,
about 3%, about 4%, or about 5% vol/vol. Contacting the
engineered microbes provided herein with glycerol provides
metabolites for the production of TAGs, as well as reducing
moieties for the production of fatty acids from carbohydrates.
In some embodiments, glycerol spiking or use is performed in
biofuel or biofuel precursor production methods in combina-
tion with any other carbon source described herein.

In some embodiments, fermentation processes for large-
scale microbe-mediated carbohydrate to lipid conversion
may be carried out in bioreactors. As used herein, the terms
“bioreactor” and “fermentor,” which are interchangeably
used, refer to an enclosure, or partial enclosure, in which a
biological and/or chemical reaction takes place, at least part
of' which involves a living organism or part of a living organ-
ism. A “large-scale bioreactor” or “industrial-scale bioreac-
tor” is a bioreactor that is used to generate a product, for
example a biofuel or biofuel precursor, for example a fatty
acid and/or TAG, on a commercial or quasi-commercial scale.
Large scale bioreactors typically have volumes in the range of
liters, hundreds of liters, thousands of liters, or more.

A bioreactor in accordance with aspects of this invention
may comprise a microbe or a microbe culture. In some
embodiments, a bioreactor may comprise a spore and/or any
kind of dormant cell type of any isolated microbe provided by
aspects of this invention, for example, in a dry state. In some
embodiments, addition of a suitable carbohydrate source to
such bioreactors may lead to activation of the dormant cell,
for example to germination of a yeast spore, and subsequent
conversion of the carbohydrate source, at least in part, to a
biofuel or biofuel precursor.

Some bioreactors according to aspects of this invention
may include cell culture systems where microbes are in con-
tact with moving liquids and/or gas bubbles. Microbes or
microbe cultures in accordance with aspects of this invention
may be grown in suspension or attached to solid phase carri-
ers. Non-limiting examples of carrier systems include micro-
carriers (e.g., polymer spheres, microbeads, and microdisks
that can be porous or non-porous), cross-linked beads (e.g.,
dextran) charged with specific chemical groups (e.g., tertiary
amine groups), 2D microcarriers including cells trapped in
nonporous polymer fibers, 3D carriers (e.g., carrier fibers,
hollow fibers, multicartridge reactors, and semi-permeable
membranes that can comprising porous fibers), microcarriers
having reduced ion exchange capacity, encapsulation cells,
capillaries, and aggregates. Carriers can be fabricated from
materials such as dextran, gelatin, glass, and cellulose.

Industrial-scale carbohydrate to lipid conversion processes
in accordance with aspects of this invention may be operated
in continuous, semi-continuous or non-continuous modes.
Non-limiting examples of operation modes in accordance
with this invention are batch, fed batch, extended batch,
repetitive batch, draw/fill, rotating-wall, spinning flask, and/
or perfusion mode of operation.
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In some embodiments, bioreactors may be used that allow
continuous or semi-continuous replenishment of the sub-
strate stock, for example a carbohydrate source and/or con-
tinuous or semi-continuous separation of the product, for
example a secreted lipid, an organic phase comprising a lipid,
and/or cells exhibiting a desired lipid content, from the reac-
tor.

Non-limiting examples of bioreactors in accordance with
this invention are: stirred tank fermentors, bioreactors agi-
tated by rotating mixing devices, chemostats, bioreactors agi-
tated by shaking devices, airlift fermentors, packed-bed reac-
tors, fixed-bed reactors, fluidized bed bioreactors, bioreactors
employing wave induced agitation, centrifugal bioreactors,
roller bottles, and hollow fiber bioreactors, roller apparatuses
(for example benchtop, cart-mounted, and/or automated vari-
eties), vertically-stacked plates, spinner flasks, stirring or
rocking flasks, shaken multiwell plates, MD bottles, T-flasks,
Roux bottles, multiple-surface tissue culture propagators,
modified fermentors, and coated beads (e.g., beads coated
with serum proteins, nitrocellulose, or carboxymethyl cellu-
lose to prevent cell attachment).

Bioreactors and fermentors according to aspects of this
invention may, optionally, comprise a sensor and/or a control
system to measure and/or adjust reaction parameters. Non-
limiting examples of reaction parameters are: biological
parameters, for example growth rate, cell size, cell number,
cell density, cell type, or cell state, chemical parameters, for
example pH, redox-potential, concentration of reaction sub-
strate and/or product, concentration of dissolved gases, such
as oxygen concentration and CO2 concentration, nutrient
concentrations, metabolite concentrations, glucose concen-
tration, glutamine concentration, pyruvate concentration,
apatite concentration, concentration of an oligopeptide, con-
centration of an amino acid, concentration of a vitamin, con-
centration of a hormone, concentration of an additive, serum
concentration, ionic strength, concentration of an ion, relative
humidity, molarity, osmolarity, concentration of other chemi-
cals, for example buffering agents, adjuvants, or reaction
by-products, physical/mechanical parameters, for example
density, conductivity, degree of agitation, pressure, and flow
rate, shear stress, shear rate, viscosity, color, turbidity, light
absorption, mixing rate, conversion rate, as well as thermo-
dynamic parameters, such as temperature, light intensity/
quality etc.

Sensors able to measure parameters as described herein are
well known to those of skill in the relevant mechanical and
electronic arts. Control systems able to adjust the parameters
in a bioreactor based on the inputs from a sensor as described
herein are well known to those of skill in the art of bioreactor
engineering.

The type of carbon source to be employed for conversion to
a biofuel or biofuel precursor according to aspects of this
invention depends on the specific microbe employed. Some
microbes provided by aspects of this invention may be able to
efficiently convert a specific carbohydrate source, while a
different carbohydrate source may not be processed by the
same microbe at high efficiency or at all. According to aspects
of'this invention, the modified oleaginous yeast Y. lipolytica,
for example, can efficiently convert sugars, such as xylose,
glucose, fructose, sucrose, and/or lactose, and carbohydrate
sources high in sugars, for example molasses, other carbon
sources such as glycerol and arabitol, and plant fibers into
fatty acids and their derivatives.

In some embodiments, a biofuel or biofuel precursor, for
example, a fatty acid or a triacylglycerol, generated from a
carbon source feedstock is secreted, at least partially, by a
microbe provided by aspects of this invention, for example,
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an oleaginous yeast, such as a Y lipolytica cell. In some
embodiments, a microbe provided by aspects of this invention
is contacted with a carbohydrate source in an aqueous solu-
tion in a bioreactor, and secreted biofuel or biofuel precursor
forms an organic phase that can be separated from the aque-
ous phase. The term organic phase, as used herein, refers to a
liquid phase comprising a non-polar, organic compound, for
example a fatty acid, TAG, and/or other non-polar lipid. And
organic phase in accordance to this invention might further
contain a microbe, a carbohydrate, or other compound found
in other phases found in a respective bioreactor. Methods
useful for industrial scale phase separation are well known to
those of ordinary skill in the art. In some embodiments, the
organic phase is continuously or semi-continuously siphoned
off. In some embodiments, a bioreactor is employed, com-
prising a separator, which continuously or semi-continuously
extracts the organic phase.

In some embodiments, a biofuel or biofuel precursor is
accumulated in cells according to aspects of this invention. In
some embodiments, cells that have accumulated a desirable
amount of biofuel or biofuel precursor, are separated continu-
ously or semi-continuously from a bioreactor, for example,
by centrifugation, sedimentation, or filtration. Cell separation
can further be effected, for example, based on a change in
physical cell characteristics, such as cell size or density, by
methods well known to those skilled in the art. The accumu-
lated biofuel or biofuel precursor can subsequently be
extracted from the respective cells using standard methods of
extraction well known to those skilled in the art, for example,
solvent hexane extraction. In some embodiments, microbial
cellsare collected and extracted with 3 times the collected cell
volume of hexane. In some embodiments, the extracted bio-
fuel or biofuel precursor are further refined. In some embodi-
ments, a biofuel precursor, for example a triacylglycerol is
converted to a biofuel, for example, biodiesel, using a method
well known to those of skill in the art, for example, a trans-
esterification procedure.

The function and advantage of these and other embodi-
ments of the present invention will be more fully understood
from the examples below. The following examples are
intended to illustrate the benefits of the present invention, but
do not exemplify the full scope of the invention. Accordingly,
it will be understood that the example section is not meant to
limit the scope of the invention.

EXAMPLES
Example 1

Engineering Xylose Utilization in the Oleaginous
Yeast Yarrowia lipolytica for Biofuel Production

Introduction

In the search for improved feedstocks, the push towards
cellulosic biofuels is a clear choice. Cellulosic biomass miti-
gates the need to compete with food crop production; an
estimated 1.3+ billion dry tons per year of biomass is poten-
tially available in the US alone (Perlack 2005). Additionally,
cellulosic materials can be more efficiently grown and more
stably produced compared to sugar crops. However cellulosic
materials are not naturally consumable by most biofuel-pro-
ducing organisms, and thus cellulose requires pretreatment
and hydrolysis to break the material down into monomeric
sugar. The resulting hydrolysate can then be used as a sugar
rich feedstock.

Since hydrolysis of lignocellulosic biomass results in
20-30% carbohydrates in the form of xylose, utilization of
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pentose sugars is one of the first steps toward efficiently using
cellulosic materials. Saccharomyces cerevisiae, the most pro-
ductive of ethanologenic organisms, cannot ferment xylose; it
lacks the ability to convert xylose into xylulose, which can
then enter the pentose phosphate pathway (PPP). Transfer-
ring the xylose reductase (XR or XYL.1) and xylitol dehydro-
genase (XDH or XYL2) enzymes from Scheffersomyces stipi-
tis (formerly Pichia stipitis) has been shown to enable growth
of the yeast on xylose for production of ethanol (Jeffries
2006). The addition of xylulokinase (XK or XYL3) can also
be used to further improve utilization, although S. cerevisiae
already carries an endogenous version of this gene. A second-
ary pathway, using xylose isomerase (XYL A), can be used to
convert xylose into xylulose. Compared to the XR/XDH
redox pathway, which uses NADPH and NAD+ cofactors for
shuttling of reducing equivalents, the isomerase pathway
requires no cofactors. Nonetheless the redox pathway is much
more prevalent in nature, and likewise in literature (Jeffries
2006; Matsushika et al. 2009).

Instead of ethanol production, it may also be advantageous
to produce yeast oil for biodiesel from cellulosic feedstocks.
As a robust lipid producing organism, Yarrowia lipolytica
appears to be an attractive platform for the production of
cellulosic biodiesel. By leveraging the knowledge and
resources developed for xylose metabolic engineering in S.
cerevisiae, xylose utilization in ¥ /ipolytica enables robust
production of yeast oils from cellulosic materials. Because
theoretical yields of lipid production from xylose are very
similar to that of glucose (0.34 g/g compared to 0.32 g/g), the
consumption of xylose represents an attractive and worth-
while opportunity in a developing cellulosic biodiesel micro-
bial bioprocess (Ratledge 1988). Furthermore, Y. /ipolytica
has a very high relative PPP flux (Blank et al. 2005), a phe-
notype advantageous for growth on xylose since all flux must
pass through the PPP. Upregulation of the PPP pathway is a
commonly engineered aspect in xylose utilizing S. cerevisiae
strains (Walfridsson et al. 1995).

For the metabolic conversion of xylose to lipids, xylose
enters the cell and can be catabolized either through the redox
(XR/XDH) pathway or the isomerase (XYLA) pathway, pro-
ducing xylulose. It can then enter central metabolism through
the non-oxidative pathway of the PPP where it ultimately
produces glyceraldehyde-3-phosphate (G3P) and fructose-6-
phosphate (F6P). These two products can then enter the rest of
central metabolism, going through glycolysis to enter the
TCA cycle. Production of lipids occurs normally through the
transport of mitochondrial citrate into the cytosol, where it is
cleaved by ATP citrate lyase into oxaloacetate and cytosolic
acetyl-coA. The acetyl-coA can then enter the fatty acid syn-
thesis pathway through the enzymatic activity of acetyl-coA
carboxylase. Acyl-coA generated from the fatty acid synthase
complex are transferred to a glycerol-3-phosphate backbone
and ultimately sequestered within lipid bodies as triacylglyc-
erol (TAG).

Here we describe the analysis of Y. lipo/ytica for its natural
xylose utilization and the metabolic engineering ofthe organ-
ism enabling utilization of xylose for the production of lipids.
By incorporation of XR/XDH genes we are able to enable
growth on xylose as sole carbon source, and open up oppor-
tunities for the production of lipids from cofermentations.
Next we study the performance of our engineered strain
through the use of cofermentations to analyze for catabolite
repression and response, and evaluate the performance of the
strain in a scaled-up 2-L bioreactor glycerol-xylose cofer-
mentation with respect to lipid production. Finally we per-
form transcription analysis to observe the respiratory
responses of the organism during cofermentation.
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Methods
Yeast Strains, Growth, and Culture Conditions

The Y. lipolytica strains used in this study were derived
from the wild-type Y. lipolytica W29 strain (ATCC20460).
The auxotrophic Polg (Leu-) used in all transformations was
obtained from Yeastern Biotech Company (Taipei, Taiwan).
All strains used in this study are listed in Table 1. Constructed
plasmids were linearized with SacIl and chromosomally inte-
grated into Polg according to the one-step lithium acetate
transformation method described by Chen et al. (Chen et al.,
1997). MTYL transformants were named after the numbering
of their corresponding integrated plasmids. Transformants
were plated on selective media and verified by PCR of pre-
pared genomic DNA. Verified transformants were then stored
as frozen glycerol stocks at -80° C. and on selective YNB
plates at 4° C.

Media and growth conditions for Escherichia coli have
been previously described by Sambrook et al. (Sambrook and
Russell 2001), and those for ¥. lipolytica have been described
by Barth and Gaillardin (Barth and Gaillardin 1997). Rich
medium (YPD) was prepared with 20 g/[. Bacto peptone
(Difco Laboratories, Detroit, Mich.), 10 g/l. yeast extract
(Difco), 20 g/I. glucose (Sigma-Aldrich, St. Louis, Mo.).
YNB medium was made with 1.7 g/L. yeast nitrogen base
(without amino acids) (Difco), 0.69 g/I. CSM-Leu (MP Bio-
medicals, Solon, Ohio), and 20 g/L. glucose. Selective YNB
plates contained 1.7 g/L. yeast nitrogen base (without amino
acids), 0.69 g/I. CSM-Leu, 20 g/LL glucose, and 15 g/L. Bacto
agar (Difco).

Shake flask experiments were carried out using the follow-
ing medium: 1.7 g/l yeast nitrogen base (without amino
acids), 1.5 g/L. yeast extract, and 50 g/LL glucose. From frozen
stocks, precultures were inoculated into YNB medium (5 mL.
in Falcon tube, 200 rpm, 28° C., 24 hr). Overnight cultures
grown in YPD were centrifuged, washed, and reinoculated
into 50 mL of media in 250 mL. Erlenmeyer shake flask (200
rpm, 28° C.). OD, biomass and sugar content were taken
periodically and analyzed.

For adaptation of strains on xylose, verified transformants
were inoculated into shake flasks containing minimal media
and 20 g/ xylose. The cultures were incubated at 30° C. for
at least 10 days, waiting for growth to occur, before reinocu-
lation into fresh media. This process was repeated until the
final OD of the culture reached at least 20, indicating adap-
tation to xylose. The culture was then stored as frozen stock in
15% glycerol at —-80° C. for subsequent use.

Bioreactor scale fermentation was carried out in a 2-liter
baffled stirred-tank bioreactor. The medium used contained
1.7 g/LL yeast nitrogen base (without amino acids and ammo-
nium sulfate), 2 g/[. ammonium sulfate, 1 g/, yeast extract,
and 90 g/L. glucose. From a selective plate, an initial precul-
ture was inoculated into YPD medium (40 mL in 250 mL
Erlenmeyer flask, 200 rpm, 28° C., 24 hr). Exponentially
growing cells from the overnight preculture were transferred
into the bioreactor to an optical density (A600) of 0.1 in the
2-L reactor (2.5 vvm aeration, pH 6.8, 28° C., 250 rpm agi-
tation). Time point samples were stored at —20° C. for subse-
quent lipid analysis. Sugar organic acid content was deter-
mined by HPLC. Biomass was determined by determined
gravimetrically from samples washed and dried at 60° C. for
two nights. Lipid content was analyzed by direct transesteri-
fication.

Plasmid Construction

Standard molecular genetic techniques were used through-
out this study (Sambrook and Russell 2001). Restriction
enzymes and Phusion High-Fidelity DNA polymerase used
in cloning were obtained from New England Biolabs (Ip-
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swich, Mass.). Genomic DNA from yeast transformants was
prepared using Yeastar Genomic DNA kit (Zymo Research,
Irvine, Calif.). All constructed plasmids were verified by
sequencing. PCR products and DNA fragments were purified
with PCR Purification Kit or QIAEX 11 kit (Qiagen, Valencia,
Calif.). Plasmids used are described in Table 1. Primers used
are described in Table 2.

Plasmid pMT041 was constructed by amplifying the
xylose reductase gene (XYL1; Accession Number:
XM_001385144) from S. stipitis genomic DNA (ATCC
58376) using the primers M 1243 and MT244 and inserting it
between the Pm11 and BamHI sites of pINA1269. Plasmid
pMT044 was constructed by amplifying the xylitol dehydro-
genase gene (XYL.2; Accession Number: XM_001386945)
using the primers MT233 and MT234 and inserting it
between the Pm11 and BamHI sites of pINA1269. XYL 1 and
XYL2 are both genes originally from the xylose utilizing
yeast, S. stipitis.

Plasmid pMTO059 was constructed by amplifying the
XYL1 gene from pMT041 using the primers MT281 and
MT282. The amplicon was then inserted into the TEFin
expression plasmid, pMTO15 between the sites SnaBI and
Kpnl.

For the expression of multiple genes on a single plasmid,
the promoter-gene-terminator cassette can be amplified from
a parent vector using primers MT220 and MT265. The cas-
sette can then be inserted into the receiving vector between
the restriction sites Nrul and Asel, resulting in a tandem gene
construct. The Asel restriction site was selected to facilitate
selection, as it resides within the ampicillin resistance marker
of the plasmid. Because Nrul is a blunt end restriction site,
insertion of the amplicon does not increase the total number
of Nrul sites that helps facilitate progressive insertions. Plas-
mid pMTO081 was constructed by amplifying the XYL.2 cas-
sette from pMT044 and inserting it into the plasmid pMT059,
containing XYL1. Plasmid pMTO85 was constructed by
amplifying the DGA cassette from pMT053 and inserting it
into the plasmid pMT081, which contains XYL.12.

RNA Isolation and Transcript Quantification

Shake flask cultures grown for 42 hrs were collected and
centrifuged for 5 min at 10,000 g. Each pellet was resus-
pended in 1.0 ml of Trizol reagent (Invitrogen) and 100 L, of
acid-washed glass beads were added (Sigma-Aldrich). Tubes
were vortexed for 15 min at 4° C. for cell lysis to occur. The
tubes were then centrifuged for 10 minat 12,000 gat4° C. and
the supernatant was collected in a fresh 2-mlL. tube. 200 pl
chloroform was then added and tubes were shaken by hand
for 10 seconds. The tubes were again centrifuged for 10 min
at 12,000 g at 4° C. 400 uL of the upper aqueous phase was
transferred to a new tube, and an equal volume of phenol-
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chloroform-isoamyl alcohol (pH 4.7) (Ambion, Austin, Tex.)
was added. Tubes were again shaken by hand for 10 seconds
and centrifuged for 10 min at 12,000 g at 4° C. 250 uLL of the
upper phase was transferred to a new tube with an equal
volume of cold ethanol and Y1oth volume sodium acetate (pH
5.2). Tubes were chilled at —20° C. for thirty minutes to
promote precipitation. Tubes were then centrifuged for 5 min
at 12,000 g, washed twice with 70% ethanol, dried in a 60° C.
oven and finally resuspended in RNAse free water. RNA
quantity was analyzed using a NanoDrop ND-1000 spectro-
photometer (NanoDrop Technologies, Wilmington, Del.) and
samples were stored in —80° C. freezer. qRT-PCR analyses
were carried out using iScript One-step RT-PCR Kit with
SYBR Green (Bio-Rad, Hercules, Calif.) using the Bio-Rad
iCycler iQ Real-Time PCR Detection System. Fluorescence
results were analyzed using Real-time PCR Miner and rela-
tive quantification and statistical analysis was determined
with REST 2009 (Qiagen) using actin as the reference gene
and MTYLO038 as the reference strain (Zhao and Fernald
2005). Samples were analyzed in quadruplicate.

TABLE 1
Strains and plasmids used in this study
Strains
(host strain) Genotype or plasmid Source
E. coli
DH5a fhuA?2 A(argF-lacZ)U169 phoA glnV44  Invitrogen
D8O A(lacZ)M15 gyrA96
recAl relAl endAl thi-1 hsdR17
PINA1269 IMP62-LEU Yeastern
pMTO15 pINA1269 php4d:: TEFin This Example
pMT041 hp4d-XYL1 This Example
pMT044 hp4d-XYL2 This Example
pMTO053 YTEFin-DGA1 This Example
pMTO059 TEFin-XYL1 This Example
PMTO81 TEFin-XYL1 + hp4d-XYL2 This Example
pMTO8S TEFin-XYL1 + hp4d-XYL2 + This Example
TEFin-DGA
Y lipolytica
Polg MATa, leu2-270, ura3-302::URA3, Yeastern
xpr2-332, axp-2
MTYLO038 MATa, leu2-270, ura3-302::URA3, This Example
xpr2-332, axp-2 TEF-LacZ-LEU2
MTYL053 MATa, leu2-270, ura3-302::URA3, This Example
xpr2-332, axp-2 TEFin-DGA1-LEU2
MTYLO81 MATa, leu2-270, ura3-302::URA3, This Example
xpr2-332, axp-2 TEFin-LacZ-LEU2
MTYLO085 MATa, leu2-270, ura3-302::URA3, This Example

xpr2-332, axp-2 hp4d-ACC1-LEU2

TABLE 2

Primers used in this study.

Relevant restriction sites are in bold.

SEQ ID

Primer Description NO Sequence

PCR

MT233 XYL2 22  AATGACTGCTAACCCTTCCTTGGTGT

MT234 XYL2 23 CTGGTCTAGGTGGTACCTTACTCAGGGCCGTCAATGAGAC

MT243 XYL1 24  AATGCCTTCTATTAAGTTGAACTCTGGTTAC

MT244 XYL1 25 CTAGGTCTTACTGGTACC TAGACGAAGATAGGAATCTTGTCCCA

MT281 XYL1 26 TAACCGCAGCATCATCACCATCACCACCCTTCTATTAAGTTGAAC
TCTGGTTACGAC

MT282 XYL1 27 CTTACAGGTACC TTAGACGAAGATAGGAATCTTGTCCCAG
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TABLE 2-continued

54

Primers used in this study.

Relevant restriction sites are in bold.

SEQ ID
Primer Description NO Sequence

RT-PCR

MTROO1 Actin 28 TCCAGGCCGTCCTCTCCC
MTRO02 Actin 29 GGCCAGCCATATCGAGTCGCA
MTRO17 y1XYL1 30 AAGGAGTGGGCTGGATGGA
MTRO18 y1XYL1 31 GGTCTCTCGGGTAGGGATCTTG
MTRO19 y1XYL2 32 ATGGAGGAATCGGCGACTT
MTRO20 y1XYL2 33  ACCACCTCTCCGGCACTTT
MTRO31 DGA 34  AACGGAGGAGTGGTCAAGCGA
MTRO32 DGA 35 TTATGGGGAAGTAGCGGCCAA
MTRO51 psXYL2 36 CTCCAAGTTGGGTTCCGTTGC
MTRO52 psXYL2 37 GCGACAGCAGCAGCCAAAAGA
MTRO53 psXYL1 38 AGGCTATCGCTGCTAAGCACGG
MTRO54 psXYL1 39 TTTGGAATGATGGCAATGCCTC
MTRO55 y1XYL3 40 CAGCTCAAGGGCATCATTCTGG
MTRO56 y1XYL3 41 TGCGGCAAGTCGTCCTCAAA
MTRO60 IDH1 42 CTTCGAACCGCCTACCTGGCTA
MTRO61 IDH1 43 TGGGCTGGAACATGGTTCGA
MTRO64 ACO1 44 CACCGCTTTCGCCATTGCT
MTRO65 ACO1 45 GGGCTCCTTGAGCTTGAACTCC
MTRO66 PDB1 46 CTGTGGTGTCGTCAACGACTCC
MTRO67 PDB1 47 GCTCAATGGCGTAAGGAGTGG
MTRO72 ICL 48 TACTCTCCCGAGGACATTGCC
MTRO73 ICL 49 CAGCTTGAAGAGCTTGTCAGCC

Direct Transesterification

For routine lipid quantification to determine relative lipid
accumulation, a method for direct transesterification of cell
biomass was used, adapted from the two-step base-then-acid-
catalyzed direct transesterification method developed by
Griffiths et al. (Griffiths et al. 2010). A normalized quantity of
cell culture was centrifuged and the media supernatant was
removed. Samples were then stored in —20° C. freezer or
directly transesterified. The cell was then resuspended with
the addition of 100 pl. of hexane containing 10 mg/ml
methyl tridecanoate internal standard. 500 pL 0.5 N sodium
methoxide, prepared by the addition of sodium hydroxide to
methanol, was then added to the sample. The sample was then
vortexed for 1 hour at room temperature. Next 40 ul. of
sulfuric acid was carefully added to the sample, followed by
the addition of 500 pL. of neat hexane. The sample was again
vortexed at room temperature for another 30 minutes. 300 pl,
of'the upper hexane layer was then transferred into a glass vial
and run using the GC-FID, under standard operating condi-
tions. Total lipid content was calculated as the sum of total
fatty acid content for the five primary FAMEs identified.
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Results & Discussion
Elucidating Endogenous Functionality of the Xylose Utiliza-
tion Pathway in Y. lipolytica

Within the literature, there are conflicting reports about the
ability for Y. lipolytica to naturally consume xylose. In most
reports, growth on xylose has not been observed (Pan et al.
2009; Ruiz-Herrera and Sentandreu 2002). However, there
arereports of Y. lipolytica positively growing on xylose: strain
Polg was found to consume xylose in a cane hydrolysate
fermentation (Tsigie et al. 2011), and two strains of ¥. /lipoly-
tica were grown on Xylose to measure xylulose-5-phosphate
phosphoketolase activity (Evans and Ratledge 1984). Beyond
these incidences, there is otherwise very little reported evi-
dence of using Y. lipolytica for growth on xylose, despite the
volume of research of using the organism grow on other
alternative and residual substrate sources (Papanikolaou et al.
2002; Papanikolaou et al. 2003; Scioli and Vollaro 1997).
Table 3 lists putative XR/XDH/XK genes within the genome
of Y lipolytica from a BLAST comparison to known func-
tional pathway genes. While the amino acid identity is only
40-52%, the expect value indicates significant likelihood of
similarity, and Y. /ipolytica often manages only 40-60%
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amino acid identity with orthologous genes from S. cerevi-
siae, due to distal phylogeny. Nonetheless, the low homology
calls into question the potential functional characteristics of
these genes, which further adds to the controversy.

TABLE 3

BLAST results for endogenous xylose utilization pathway in
Y. lipolytica. Amino acid identity is indicated in comparison
with the parent sequence (organism indicated in parentheses).
Expect value is the statistical false-positive rate.

Accession Expect
Function Number Identity Value
Xylose reductase (XR) YALIODO7634p  49% (S. stipitis) 3e-80
Xylitol dehydrogenase YALIOE12463p  52% (S. stipitis) 1le-96
(XDH)
Kylulokinase (XK) YALIOF10923p  40% (S. cerevisiae) 1le-96

To test the ability for Y. lipolytica to utilize its endogenous
putative XYL.123 pathway in laboratory conditions, control
strain MTYLO038 was grown in minimal media on three dif-
ferent substrates: xylose, xylitol, arabitol. As seen in FIG. 1A,
these three substrates can be used to diagnose the functional-
ity of the three XYL 123 genes. For example, growth on
xylitol will demonstrate that XYL.2 and X Y13 are functional,
while growth on arabitol demonstrates that XYL3 is func-
tional. FIG. 1B depicts the growth curves of MTYL.038 onthe
various substrates, with a shake flask with no carbon substrate
as the control. While it was found that the strain did not grow
on xylose, it was found to grow weakly on xylitol and quite
robustly on arabitol. This suggests that while XYL1, and most
likely XYL.2, are not naturally expressed or functional in ¥,
lipolytica in the presence of their respective substrates, XYL.3
is expressed and the organism can grow utilizing this pathway
as its primary catabolic pathway. Expression of XYL12
enables growth on xylose

With the knowledge that the endogenous xylulokinase is
functional in Y. lipolytica, the remaining elements of the
xylose utilization pathway were integrated to enable growth
onxylose. The XYL 1 and XYL2 genes from S. stipitis cloned
into Y. lipolytica expression cassettes. XYL1 was cloned
under the control of the stronger TEFin promoter, while the
XYL2 gene was cloned under the control ofhp4d. The XYT.2
expression cassette was inserted into the XYL 1 plasmid, cre-
ating plasmid pMTO081, expressing both XYL1 and XYL2.
Transformation of this plasmid into background strain Polg
yielded the strain MTYLOS81.

Numerous experiments working with S. cerevisiae and the
xylose utilization pathway have discovered that it is often
necessary to include periods of adaptation—where serial
dilution in xylose media is performed—for development of
stable xylose utilization (Jeffries 2006; Kuyper et al. 2004;
Tomas-Pejo et al. 2010). This was similarly found to be the
case in Y. lipolytica—the verified transformant MTYLO081
initially did not grow on xylose. It was grown in minimal
xylose media in a shake flask for 10 days before reinoculating
in fresh media. This serial dilution was repeated until there
was an observed increase in maximum OD to above 15. FIG.
2A shows the growth curve on the third serial dilution com-
pared to the original unadapted strain and a control strain that
underwent serial dilution in xylose media. Lack of growth
from the latter two strains shows that adaptation is necessary
for xylose utilization and adaptation does not occur in strains
lacking the heterologous XY1.12 genes. Adapted growth was
found to be steady and roughly exponential, with the maxi-
mum OD of 38 being reached after 130 hours. The doubling
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time is roughly 25 hrs, which is significantly lower than rates
typically observed on glucose but comparable to that on ara-
bitol (see FIG. 1B).

To explore the underlying adaptations that improved the
xylose-utilizing phenotype, RT-PCR was performed compar-
ing the expression of heterologously expressed XYL.12 and
endogenous XYI[.123 genes in the adapted and unadapted
strains. FIG. 2B shows the relative change in transcription
level of the genes after adaptation. The heterologously
expressed XYL1 was overexpressed 300-fold compared to
the unadapted strain, while XYL2 was upregulated 17-fold.
Within the adapted strain, XYL.1 was expressed 6-fold greater
than XYL2, which is in agreement with the expression
expected from the promoters used. Endogenous XY[.123 was
not significantly upregulated both in adapted MTYLO81 and
the control strain that underwent serial dilution, indicating
that the observed adaptation to xylose was not an activation of
the putative native xylose pathway. The strong upregulation
of XYL1 and XYL2 has been similarly observed in metabolic
engineering of S. cerevisiae, as the utilization pathway, being
both heterologously expressed and potentially the rate-limit-
ing step, requires strong overexpression for sufficient growth
(Karhumaa et al. 2005; Karhumaa et al. 2007). This seems to
likewise be the case in Y. lipolytica, as the two XYL 12 steps
achieve very strong overexpression and yet still only achieve
arelatively low growth rate. However, it may also be that with
the adapted XYL12 expression, new rate-limiting steps
appear to hinder specific growth on xylose, such as PPP
activity or pentose transport (Karhumaa et al. 2005).

The normal combined activity of XYL1 and XYL2 con-
sumes one NADPH and generates one NADH. Without suit-
able means to regenerate NADPH from NADH, this can lead
to cofactor imbalances and has been seen as a significant
challenge in metabolic engineering of S. cerevisiae (Mat-
sushika et al. 2009). However, with a potential cofactor
imbalance, one would expect early cessation of growth and
large accumulation of xylitol due to complete depletion on
NADPH. In our shake flask cultures we observed only <0.5
g/L xylitol formation after consumption of 32 g/I, of xylose,
while the maximum OD was very higher compared to what is
typically observed in shake flasks, suggesting that cofactor
balance may not be an issue in this situation. While this does
not remove the possibility of rate-limiting steps in the
exchange of NADPH to NADH, thus slowing but not stop-
ping growth, in the presence of oxygen, mitochondrial func-
tion actively controls and maintains the NADPH/NADH
equilibrium and exchange fluxes (Singh and Mishra 1995).
Cofermentation of Two Substrates for Improved Productivity

While metabolic engineering allowed growth on xylose in
Y lipolytica, growth was dramatically slower than on glucose.
Possible factors contributing to the limited growth and pro-
ductivity are the lack of dedicated pentose transporters, low
PPP flux, and inability for the cell to identify xylose as a
fermentable sugar (Jeffries 2006; Jin et al. 2004; Matsushika
et al. 2009). To improve productivities with the limited spe-
cific growth on xylose, experiments were performed using
two-substrate cofermentations. Cellulosic materials typically
consist of a blend of both hexose and pentose sugars, and
rarely consist of pure pentose (Lee et al. 2007). Furthermore,
substrates like glycerol are a byproduct of biodiesel produc-
tion, and may be recycled back into the process. First it was
necessary to characterize and determine which cofermenta-
tion combinations are ideal for lipid production. Xylose was
combined with a helper substrate—glucose, glycerol, or ara-
bitol—and grown in shake flasks to determine growth char-
acteristics and observe catabolite repression effects in the
cofermentation system. Catabolite repression is the preferen-
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tial uptake of one substrate through the repression of the
utilization pathway of secondary substrates, and can be seen
in a wide range of cofermentations in Y. /ipolytica (Morgunov
and Kamzolova 2011). The strain MTYL085 was used, which
contains the XYL 12 pathway as well as DGA overexpression.
DGA overexpression is capable of improving lipid accumu-
lation and was found to be a strong contributor to engineered
lipid overproduction (Kamisaka et al. 2007). By combining
both the xylose utilization pathway and elements for lipid
overproduction, we may be able to direct flux from xylose
towards lipids for a cellulosic biodiesel platform.

FIG. 3 depicts the growth characteristics and depletion of
both substrates for the three cofermentation combinations.
For glycerol (FIG. 3B), diauxic shift is clearly observed, with
glycerol being consumed rapidly before any xylose is
depleted. For glucose (FIG. 3A), diauxic shift was less
observable, as it is possible that at very low concentrations of
glucose, catabolite repression is weak (Morgunov and Kam-
zolova 2011). At higher glucose concentrations, diauxic shift
was clearly observable (data not shown). While all three
cultures began with 4 g/L. of the helper substrate, glycerol was
converted into the most biomass after it was completely
depleted, achieving an OD of 8 within 24 hrs. Glycerol has
been known to be ahighly preferred substrate for Y. lipolytica,
and unlike S. cerevisiae, there is no loss in specific growth rate
when growing on glycerol compared to glucose (Taccari et al.
2012). It is also Crabtree-negative, an effect that eschews the
respiration-dependent nature of glycerol metabolism found in
S. cerevisiae (De Deken 1966). As a result, MTYLO08S is able
to consume slightly more xylose by the end of the culture. The
evidence of diauxic shift also indicates that while the xylose
uptake rate may be constant when grown solely on xylose,
other factors must be at play in repressing the utilization, most
conspicuously pentose transport. There is a growing body of
evidence that pentose transport is a key rate-limiting step in
xylose utilization and may also be a strong contributing factor
towards diauxic shift (Young et al. 2012).

The cofermentation of xylose and arabitol exhibits a much
different response (FIG. 3C). Since arabitol shares the same
catabolic route for all but the initial pathway, it is likely the
arabitol response will be most similar to the xylose growth
phenotype. Furthermore, xylose depletion begins well before
arabitol is consumed, exhibiting simultaneous utilization of
both substrates. The smooth growth profile in this case is in
contrast to the two-phase growth seen in glucose or glyc-
erol—a product of diauxic growth. Nonetheless the overall
growth rate and productivity is significantly lower than glu-
cose or glycerol. Additionally, arabitol is not a common sub-
strate in cellulosic material and would thus be a prohibitive
cost to supplement as a feedstock.

Lipid Production in Xylose and Glycerol Cofermentation

Because glycerol showed the greatest promise for
increased productivity, a scale-up cofermentation was per-
formed using glycerol and xylose as substrates. A 2-L. biore-
actor was initially charged with 20 g/L. glycerol and 80 g/L.
xylose. The C/N ratio of the reactor was adjusted to be 100,
which results nitrogen-limited conditions favorable for lipid
accumulation. The results of the fermentation are found in
FIG. 4. Over the course of 230 hrs, all the carbon substrate
was consumed, with glycerol being depleted within the first
24 hrs. Diauxic shift can clearly be observed, as no xylose is
consumed until after all the glycerol has been depleted. The
20 g/L, of glycerol was able to generate 13 g/, of biomass.
Lipid accumulation steadily occurred between 70 and 230
hours, with a majority of the biomass generated on xylose
being accounted as lipids. The culture finally achieved a
biomass concentration of 18 g/l with 7.64 g/ lipids, or 42%
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of'total biomass. The overall productivity was 0.033 g lipids/
L/hr. Strain MTYLO08S was able to convert xylose into lipids
at quantities similar to other Y lipolytica fermentations
(Beopoulos etal. 2009; Papanikolaou and Aggelis 2002). The
yield of lipid production, however, was very low. Of the 80
g/ of xylose consumed, only 6.08 g/L. of lipids was gener-
ated, for a yield of 0.074 g lipids/g xylose. This is only 21.7%
of the theoretical yield. This low yield may be due to over-
respiration of the carbon substrate, as high aeration on a
foreign substrate may lead to strong flux through the TCA
cycle. Furthermore, 9.13 g/, citrate was also generated,
which actually accounts for a significant yield from the 100
g/L of carbon substrate initially charged. It is possible that the
C/N ratio was too high, as extreme C/N ratios in Y. lipolytica
fermentations can tend to produce citrate instead of lipids,
likely due to limited ability to generate sufficient ATP for fatty
acid synthesis (Beopoulos et al. 2009). Despite these low
yields, the vast majority (80%) of the lipids were produced
after glycerol depletion and during the xylose-only phase,
indicating successful conversion of xylose-to-lipids using Y.
lipolytica, a first step in developing a cellulosic biodiesel
platform.

Transcriptional Expression Affected by Secondary Substrate

To further investigate the response of Y. lipolytica during
cofermentations with xylose and the overrespiration
observed on glycerol-xylose, transcriptional analysis was
performed on genes within the TCA cycle. Xylose consump-
tion in S. cerevisiae elicits a non-fermentative response and
general upregulation of the TCA cycle (Jin et al. 2004; Salus-
jarvi et al. 2006). This results in lower efficiencies in xylose
utilization for ethanol production as downregulation of the
TCA cycle is necessary to divert carbon flux towards ethanol
fermentation, whether via anaerobic environmental condi-
tions or activity of the Crabtree effect. In our cofermentation
system, the response of Y. /ipolytica when transitioning from
the helper substrate to xylose was examined. An initial RNA
extraction was performed during the cofermentation while
still growing on glucose, glycerol or arabitol, and a second
RNA extraction was performed after the helper substrate was
depleted and the strain was exhibiting growth on xylose as
sole carbon substrate. RT-PCR primers used in this study are
listed in Table 2. From this we can identify if a similar respi-
ratory response is observed on xylose. FIG. 5 depicts the
fold-change in transcripts for pyruvate dehydrogenase
(PDB1, Accession Number: XM_ 504448), Aconitase
(ACO1, Accession Number: XM_ 502616), isocitrate lyase
(ICL1, Accession Number: XM_ 501923), and isocitrate
dehydrogenase (IDH1, Accession Number: XM_ 503571).
These genes represent key enzymatic steps for the utilization
of TCA cycle intermediates: PDB1, entrance into the TCA
cycle; ACO1, diverting citrate to the TCA cycle instead of the
cytosol; ICL1, diverting isocitrate through the glyoxylate
shunt; IDH1, committed step into oxidative respiration.

In all three cases, PDB1 is significantly upregulated, sug-
gesting that there is a stronger driving force towards the TCA
cycle in xylose than any other substrate. Aconitase overex-
pression was not observed in the glucose-to-xylose transition,
but was dramatically increased 50-fold in the glycerol-to-
xylose transition. This was mostly due to very low transcrip-
tion levels observed of ACO1 on glycerol rather than extraor-
dinarily high expression of ACO1 on xylose. ACO1 was
upregulated in the transition from arabitol to xylose as well.
For ICL1, significant increase in expression was observed
during the glycerol-to-xylose transition and the arabitol-to-
xylose transition, but not on glucose. In most organisms,
ICL1 is normally not expressed due to strong catabolite
repression; however, Y. lipolytica seems to exhibit constitu-
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tive expression of the pathway (Flores and Gancedo 2005).
Indeed, the magnitude of changes in expression of ICL1
suggests significant expression prior to the transition. Finally,
IDH1 expression is not significantly changed in glucose and
arabitol, butis actually downregulated on glycerol, indicating
that respiration is much more strongly upregulated on glyc-
erol than xylose.

The upregulation of PDB1 and ACO1 in the glycerol fer-
mentation demonstrate an elevated respiratory response
when transitioning from glycerol to xylose utilization. While
IDH1 is downregulated, the upstream regulation may be
enough to result in the overrespiration observed in the biore-
actor. It is unclear why ACO1 is downregulated so dramati-
cally when growing on glycerol, but any previous regulation
on this enzyme must surely be alleviated. On the other hand,
glucose-xylose cofermentation resulted in few significant
changes in transcription. This may indicate that glucose-xy-
lose cofermentation may yield better results at larger scales
despite the stronger preference for glycerol by Y. lipolytica.

CONCLUSION

Pentose utilization represents a pressing need in the devel-
opment of sustainable biofuel production, as the push and
advantages for cellulosic feedstocks begin to outweigh the
technical challenges. The oleaginous yeast Y. lipolytica is an
example of a robust platform for the production of yeast oil
that can be converted into biodiesel. Through metabolic engi-
neering, the robust lipid production capabilities established in
Y. lipolytica can be expanded to include xylose utilization,
enabling further opportunities for microbial cellulosic biodie-
sel production. By testing native growth on a variety of sub-
strates we showed that the endogenous XYL3 is functional in
minimal media, while the putative XYL12 genes are not.
Through heterologous expression of XYL.1 and XYL.2 genes
from S. stipitis we enabled xylose utilization in Y. lipolytica
after an adaptation period. Through cofermentation we are
able to eliminate lag phases and increase growth and produc-
tivity on xylose, ultimately achieving 42% lipid accumulation
in a strain that is metabolically engineered in both xylose
utilization and lipid accumulation pathways. By observing
that the TCA cycle response, we also observed variation
between cofermentation substrates, suggesting a transcrip-
tional regulatory basis for overrespiration. By leveraging the
knowledge base developed from the study of xylose utiliza-
tion in S. cerevisiae, these results establish a framework for
studying and engineering the oleaginous yeast Y. /ipolytica
for xylose utilization and the production of cellulosic biodie-
sel.
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EQUIVALENTS AND SCOPE

Those skilled in the art will recognize, or be able to ascer-
tain using no more than routine experimentation, many
equivalents to the specific embodiments of the invention
described herein. The scope of the present invention is not
intended to be limited to the above description, but rather is as
set forth in the appended claims.

In the claims articles such as “a,” “an,” and “the” may mean
one or more than one unless indicated to the contrary or
otherwise evident from the context. Claims or descriptions
that include “or” between one or more members ofa group are
considered satisfied if one, more than one, or all of the group
members are present in, employed in, or otherwise relevant to
a given product or process unless indicated to the contrary or
otherwise evident from the context. The invention includes
embodiments in which exactly one member of the group is
present in, employed in, or otherwise relevant to a given
product or process. The invention also includes embodiments
in which more than one, or all of the group members are
present in, employed in, or otherwise relevant to a given
product or process.
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Furthermore, it is to be understood that the invention
encompasses all variations, combinations, and permutations
in which one or more limitations, elements, clauses, descrip-
tive terms, etc., from one or more of the claims or from
relevant portions of the description is introduced into another
claim. For example, any claim that is dependent on another
claim can be modified to include one or more limitations
found in any other claim that is dependent on the same base
claim. Furthermore, where the claims recite a composition, it
is to be understood that methods of using the composition for
any of the purposes disclosed herein are included, and meth-
ods of making the composition according to any of the meth-
ods of making disclosed herein or other methods known in the
art are included, unless otherwise indicated or unless it would
be evident to one of ordinary skill in the art that a contradic-
tion or inconsistency would arise.

Where elements are presented as lists, e.g., in Markush
group format, it is to be understood that each subgroup of the
elements is also disclosed, and any element(s) can be
removed from the group. It is also noted that the term “com-
prising” is intended to be open and permits the inclusion of
additional elements or steps. It should be understood that, in
general, where the invention, or aspects of the invention,
is/are referred to as comprising particular elements, features,
steps, etc., certain embodiments of the invention or aspects of
the invention consist, or consist essentially of, such elements,
features, steps, etc. For purposes of simplicity those embodi-
ments have not been specifically set forth in haec verba
herein. Thus for each embodiment of the invention that com-
prises one or more elements, features, steps, etc., the inven-
tion also provides embodiments that consist or consist essen-
tially of those elements, features, steps, etc.

Where ranges are given, endpoints are included. Further-
more, it is to be understood that unless otherwise indicated or
otherwise evident from the context and/or the understanding
of'one of ordinary skill in the art, values that are expressed as
ranges can assume any specific value within the stated ranges
in different embodiments of the invention, to the tenth of the
unit of the lower limit of the range, unless the context clearly
dictates otherwise. It is also to be understood that unless
otherwise indicated or otherwise evident from the context
and/or the understanding of one of ordinary skill in the art,
values expressed as ranges can assume any subrange within
the given range, wherein the endpoints of the subrange are
expressed to the same degree of accuracy as the tenth of the
unit of the lower limit of the range.

In addition, it is to be understood that any particular
embodiment of the present invention may be explicitly
excluded from any one or more of the claims. Where ranges
are given, any value within the range may explicitly be
excluded from any one or more of the claims. Any embodi-
ment, element, feature, application, or aspect of the compo-
sitions and/or methods of the invention, can be excluded from
any one or more claims. For purposes of brevity, all of the
embodiments in which one or more elements, features, pur-
poses, or aspects is excluded are not set forth explicitly
herein.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 49
<210>
<211>
<212>

<213>

SEQ ID NO 1

LENGTH: 1026

TYPE: DNA

ORGANISM: Scheffersomyces stipitis

<400> SEQUENCE: 1

tacaactata ctacaatgcc ttctattaag ttgaactctg gttacgacat gccagccgte

60
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64

-continued
ggtttcegget gttggaaagt cgacgtcgac acctgttcetg aacagatcta cegtgctatce 120
aagaccggtt acagattgtt cgacggtgcc gaagattacyg ccaacgaaaa gttagttggt 180
geeggtgtea agaaggccat tgacgaaggt atcgtcaage gtgaagactt gttecttacce 240
tccaagttgt ggaacaacta ccaccaccca gacaacgteg aaaaggcctt gaacagaacce 300
ctttctgact tgcaagttga ctacgttgac ttgttcttga tccacttcce agtcacctte 360
aagttcgtte cattagaaga aaagtaccca ccaggattct actgtggtaa gggtgacaac 420
ttcgactacyg aagatgttcc aattttagag acctggaagyg ctcttgaaaa gttggtcaag 480
gececggtaaga tcagatctat cggtgtttet aactteccag gtgctttget cttggacttg 540
ttgagaggtyg ctaccatcaa gccatctgte ttgcaagttyg aacaccaccce atacttgcaa 600
caaccaagat tgatcgaatt cgctcaatcce cgtggtattg ctgtcaccge ttactctteg 660
tteggtecte aatctttegt tgaattgaac caaggtagag ctttgaacac ttctccattg 720
ttcgagaacyg aaactatcaa ggctatcget getaagcacyg gtaagtctece agctcaagte 780
ttgttgagat ggtcttccca aagaggcatt gecatcatte caaagtccaa cactgtccca 840
agattgttgg aaaacaagga cgtcaacagc ttcgacttgg acgaacaaga tttcgetgac 900
attgccaagt tggacatcaa cttgagattc aacgacccat gggactggga caagattcct 960
atcttcecgtct aagaaggttg ctttatagag aggaaataaa acctaatata cattgattgt 1020
acattt 1026

<210> SEQ I
<211> LENGT.
<212> TYPE:

D NO 2
H: 318
PRT

<213> ORGANISM: Scheffersomyces

<400> SEQUE:

Met Pro Ser
1

Phe Gly Cys
Arg Ala Ile
35

Ala Asn Glu
50

Gly Ile Val
65

Asn Tyr His

Ser Asp Leu

Val Thr Phe
115

Tyr Cys Gly
130

Glu Thr Trp
145

Ser Ile Gly

Arg Gly Ala

NCE: 2

Ile Lys Leu Asn Ser

5

Trp Lys Val Asp Val

20

Lys Thr Gly Tyr Arg

40

Lys Leu Val Gly Ala

55

Lys Arg Glu Asp Leu

70

His Pro Asp Asn Val

85

Gln Val Asp Tyr Val

100

Lys Phe Val Pro Leu

120

Lys Gly Asp Asn Phe

135

Lys Ala Leu Glu Lys
150

Val Ser Asn Phe Pro

165

Thr Ile Lys Pro Ser

180

stipitis

Gly

Asp

Leu

Gly

Phe

Glu

Asp

105

Glu

Asp

Leu

Gly

Val
185

Tyr

10

Thr

Phe

Val

Leu

Lys

90

Leu

Glu

Tyr

Val

Ala

170

Leu

Asp

Cys

Asp

Lys

Thr

75

Ala

Phe

Lys

Glu

Lys
155

Leu

Gln

Met Pro Ala
Ser Glu Gln
30

Gly Ala Glu
45

Lys Ala Ile
60

Ser Lys Leu

Leu Asn Arg

Leu Ile His
110

Tyr Pro Pro
125

Asp Val Pro
140

Ala Gly Lys

Leu Leu Asp

Val Glu His
190

Val Gly
15

Ile Tyr

Asp Tyr

Asp Glu

Trp Asn
80

Thr Leu
95

Phe Pro

Gly Phe

Ile Leu

Ile Arg
160

Leu Leu
175

His Pro
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Tyr Leu Gln
195

Ala Val Thr
210

Asn Gln Gly
225

Ile Lys Ala

Leu Arg Trp

Thr Val Pro

275

Asp Glu Gln
290

Phe Asn Asp
305

<210> SEQ I
<211> LENGT.
<212> TYPE:

Gln Pro Arg Leu Ile

200

Ala Tyr Ser Ser Phe

215

Arg Ala Leu Asn Thr
230

Ile Ala Ala Lys His

245

Ser Ser Gln Arg Gly

260

Arg Leu Leu Glu Asn

280

Asp Phe Ala Asp Ile

295

Pro Trp Asp Trp Asp
310

D NO 3
H: 1235
DNA

<213> ORGANISM: Scheffersomyces

<400> SEQUENCE: 3

cctcacttta

acccttectt

aaatctctga

acatccactt

tgggtcacga

ttggtgacaa

geggtcacta

gcgaaccaaa

tcaagttgee

gtgtccacge

ctggtectgt

tcegtegttga

acaccttcaa

tgccaaacgt

ccattgecce

caatcaccgt

acgactacaa

ctccaattga

cctacgactt

aagtcaaccyg

tatagacctt

<210> SEQ I

<211> LENGT.
<212> TYPE:

<213> ORGANISM: Scheffersomyces stipitis

gtttgtttea

ggtgttgaac

acctaccgat

ctacgeccat

atccgeeggt

cgtegetate

caacttgtgt

cccaccaggt

agaccacgtce

ctctaagttyg

tggtctttty

cattttecgac

ctccaagace

cgttttggaa

aggtggtcgt

tttecgecatyg

gactgetgtt

ctttgaacaa

ggtcagagce

cttggetgge

tatccaaatt

D NO 4

H: 363
PRT

atcaccccta

aagatcgacg

gtcetegtee

ggtagaatcyg

actgttgtcc

gaaccaggta

cctecacatgg

accttatgta

agcttggaac

ggttcegtty

getgetgetyg

aacaagttga

ggtggttctg

tgtactggtyg

ttcgttcaag

aaggaattga

ggaatcttty

ttgatcaccc

ggtaagggtg

ccaaagtgaa

tatgtaaact

Glu

Gly

Ser

Gly

Ile

265

Lys

Ala

Lys

stipitis

Phe

Pro

Pro

Lys

250

Ala

Asp

Lys

Ile

Ala

Gln

Leu

235

Ser

Ile

Val

Leu

Pro
315

atactcttca

acatttegtt

aggtcaagaa

gtaacttegt

aggttggtaa

ttccatccag

ccttegeege

agtacttcaa

teggtgetet

cttteggega

tcgeccaagac

agatggccaa

aagaattgat

ctgaaccttyg

tcggtaacge

ctttgttegy

acactaacta

acagatacaa

ctgtcaagtyg

ccagaaacga

aatag

Gln Ser Arg
205

Ser Phe Val
220

Phe Glu Asn

Pro Ala Gln

Ile Pro Lys

270

Asn Ser Phe
285

Asp Ile Asn
300

Ile Phe Val

cacaattaaa
cgaaacttac
aaccggtatce
tttgaccaag
gggtgtcace
attcteccgac
tactcctaac
gtcgecagaa
tgttgagcca
ctacgttgee
ctteggtget
ggacattggt
caaggcettte
tatcaagttyg
tgctggteca
ttctttcaga
ccaaaacggt
gttcaaggac
tctcattgac

aaatgattat

Gly Ile

Glu Leu

Glu Thr

240

Val Leu
255

Ser Asn

Asp Leu

Leu Arg

atgactgcta
gatgccccag
tgtggtteeg
ccaatggtet
tctettaagy
gaatacaaga
tccaaggaag
gacttettgg
ttgtctgtty
gtctttggty
aagggtgtca
getgetacte
ggtggtaacg
ggtgttgacg
gtcagettee
tacggattca
agagaaaatg
gctattgaag
ggcectgagt

caaatagcett

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1235



67

US 9,096,876 B2
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<400> SEQUENCE:

Met
1

Phe

Ala

Gly

65

Ser

Arg

Met

Pro

Lys

145

Leu

Asp

Ala

Phe

Thr

225

Gly

Cys

Gln

Ala

Asp

305

Arg

Lys

Gly

<210>
<211>
<212>
<213>

<400>

Thr

Glu

Gln

His

His

Leu

Phe

Ala

Gly

130

Leu

Ser

Tyr

Val

Asp

210

Phe

Gly

Ile

Val

Met

290

Tyr

Glu

Phe

Ala

Ala

Thr

Val

35

Gly

Glu

Lys

Ser

Phe

115

Thr

Pro

Val

Val

Ala

195

Asn

Asn

Asn

Lys

Gly

275

Lys

Lys

Asn

Lys

Val
355

Asn

Tyr

20

Lys

Arg

Ser

Val

Asp

100

Ala

Leu

Asp

Gly

Ala

180

Lys

Lys

Ser

Val

Leu

260

Asn

Glu

Thr

Ala

Asp
340

Lys

SEQUENCE :

4

Pro

Asp

Lys

Ile

Ala

Gly

85

Glu

Ala

Cys

His

Val

165

Val

Thr

Leu

Lys

Pro

245

Gly

Ala

Leu

Ala

Pro

325

Ala

Cys

SEQ ID NO 5
LENGTH:
TYPE: DNA
ORGANISM: Yarrowia lipolytica

1623

5

Ser

Ala

Thr

Gly

Gly

70

Asp

Tyr

Thr

Lys

Val

150

His

Phe

Phe

Lys

Thr

230

Asn

Val

Ala

Thr

Val

310

Ile

Ile

Leu

Leu

Pro

Gly

Asn

55

Thr

Asn

Lys

Pro

Tyr

135

Ser

Ala

Gly

Gly

Met

215

Gly

Val

Asp

Gly

Leu

295

Gly

Asp

Glu

Ile

Val

Glu

Ile

40

Phe

Val

Val

Ser

Asn

120

Phe

Leu

Ser

Ala

Ala

200

Ala

Gly

Val

Ala

Pro

280

Phe

Ile

Phe

Ala

Asp
360

Leu

Ile

25

Cys

Val

Val

Ala

Gly

105

Ser

Lys

Glu

Lys

Gly

185

Lys

Lys

Ser

Leu

Ile

265

Val

Gly

Phe

Glu

Tyr
345

Gly

Asn

10

Ser

Gly

Leu

Gln

Ile

90

His

Lys

Ser

Leu

Leu

170

Pro

Gly

Asp

Glu

Glu

250

Ala

Ser

Ser

Asp

Gln
330

Asp

Pro

Lys

Glu

Ser

Thr

Val

75

Glu

Tyr

Glu

Pro

Gly

155

Gly

Val

Val

Ile

Glu

235

Cys

Pro

Phe

Phe

Thr

315

Leu

Leu

Glu

Ile

Pro

Asp

Lys

60

Gly

Pro

Asn

Gly

Glu

140

Ala

Ser

Gly

Ile

Gly

220

Leu

Thr

Gly

Pro

Arg

300

Asn

Ile

Val

Asp

Thr

Ile

45

Pro

Lys

Gly

Leu

Glu

125

Asp

Leu

Val

Leu

Val

205

Ala

Ile

Gly

Gly

Ile

285

Tyr

Tyr

Thr

Arg

Asp

Asp

30

His

Met

Gly

Ile

Cys

110

Pro

Phe

Val

Ala

Leu

190

Val

Ala

Lys

Ala

Arg

270

Thr

Gly

Gln

His

Ala
350

Ile

15

Val

Phe

Val

Val

Pro

95

Pro

Asn

Leu

Glu

Phe

175

Ala

Asp

Thr

Ala

Glu

255

Phe

Val

Phe

Asn

Arg

335

Gly

Ser

Leu

Tyr

Leu

Thr

80

Ser

His

Pro

Val

Pro

160

Gly

Ala

Ile

His

Phe

240

Pro

Val

Phe

Asn

Gly

320

Tyr

Lys
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atgtatcteg gactggatct ttcgactcaa cagctcaagg gcatcattcet ggacacaaaa 60
acgctggaca cggtcacaca agtccatgtg gactttgagg acgacttgec gcagttcaac 120
accgaaaagg gcgtctttca cagctctaca gtggccggag aaatcaatge tcctgtggea 180
atgtgggggg cagctgtgga cttgctgata gagcegtctgt caaaggaaat agacctttce 240
acgatcaagt ttgtgtcggg ctecgtgecag caacacgget ctgtttatcet caacagcage 300
tacaaggagg gcctgggttc tctggacaaa cacaaagact tgtctacagyg agtgtcatce 360
ttactggcege tcgaagtcag ccccaattgg caggatgcaa gcacggagaa ggagtgtgeg 420
cagtttgagg ctgcagtcgg cggtcccgag cagetggetyg agatcactgyg ctctegagea 480
catactcgtt tcaccgggcce ccagattctce aaggtcaagg aacgcaaccce caaggtatte 540
aaggccacgt cacgggtcca gectcatatce aactttctag catctetgtt tgccggcaag 600
gegtgececet ttgatcttge tgacgectgt ggaatgaatce tgtgggacat ccagaatgge 660
cagtggtgca agaaactcac agatctcatc accgatgaca cccactceggt cgagtcccte 720
cttggagacg tggaaacaga ccccaaggcet ctactgggea aaatctcgece ctatttegte 780
tccaaggget tctceteccte ttgtcaggtg geacagtteca caggcgacaa cccaggcact 840
atgctggete tccecttaca ggccaatgac gtgattgtgt ctttgggaac atctacgace 900
geectegteyg taacaaacaa gtacatgccce gaccceggat accatgtgtt caaccacccce 960
atggagggat acatgggcat gctgtgctac tgcaacggag gtctagcacg agagaagatc 1020
cgagacgagce ttggaggctg ggacgagttt aatgaggegyg ccgagaccac caacacagtg 1080
tctgctgacg atgtccatgt tggcatctac ttteccactac gagaaatcct tectcgagca 1140
ggtcecctttyg aacgacgttt catctacaac agacaaagtg aacagcttac agagatggct 1200
tctecagagg actcactgge aaccgaacac aaaccgcagg ctcaaaatct caaggacacg 1260
tggccgecac aaatggacgce cactgccatc attcaaagcc aggccctcag tatcaaaatg 1320
agactccaac gcatgatgca tggcgatatt ggaaaggtgt attttgtggg aggcgcctcg 1380
gtcaacactg ctatctgcag cgtaatgtct gccatcttaa aaccaacaaa gggcgcttgg 1440
agatgtggtc tggaaatggc aaacgcttgt gccattggaa gtgcccatca cgcctggett 1500
tgcgacccca acaagacagg ccaggtacag gttcacgaag aagaggtcaa atacaagaat 1560
gtggacacag acgtgctact caaggcgttc aagctggccg aaaacgcectg cctggagaaa 1620
taa 1623

<210> SEQ I
<211> LENGT.
<212> TYPE:

D NO 6
H: 540
PRT

<213> ORGANISM: Yarrowia lipolytica

<400> SEQUE:

Met Tyr Leu
1

Leu Asp Thr
Glu Asp Asp
35

Ser Thr Val
50

Ala Val Asp
65

NCE: 6

Gly Leu Asp Leu Ser

5

Lys Thr Leu Asp Thr

20

Leu Pro Gln Phe Asn

40

Ala Gly Glu Ile Asn

55

Leu Leu Ile Glu Arg

70

Thr

Val

25

Thr

Ala

Leu

Gln

10

Thr

Glu

Pro

Ser

Gln

Gln

Lys

Val

Lys
75

Leu Lys Gly
Val His Val
30

Gly Val Phe
45

Ala Met Trp
60

Glu Ile Asp

Ile Ile

15

Asp Phe

His Ser

Gly Ala

Leu Ser
80
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Thr

Leu

Asp

Asn

Ala

145

Pro

Leu

Ala

Lys

225

Leu

Pro

Phe

Asn

Thr

305

Met

Arg

Ala

Ile

Arg

385

Ser

Leu

Ser

Asp

Ile

465

Arg

Ile

Asn

Leu

Trp

130

Val

Thr

Lys

Ala

Cys

210

Leu

Gly

Tyr

Thr

Asp

290

Asn

Glu

Glu

Ala

Tyr

370

Arg

Pro

Lys

Gln

Ile
450

Cys

Cys

Lys

Ser

Ser

115

Gln

Gly

Arg

Val

Ser

195

Gly

Thr

Asp

Phe

Gly

275

Val

Lys

Gly

Lys

Glu

355

Phe

Phe

Glu

Asp

Ala
435
Gly

Ser

Gly

Phe

Ser

100

Thr

Asp

Gly

Phe

Phe

180

Leu

Met

Asp

Val

Val

260

Asp

Ile

Tyr

Tyr

Ile

340

Thr

Pro

Ile

Asp

Thr

420

Leu

Lys

Val

Leu

Val

85

Tyr

Gly

Ala

Pro

Thr

165

Lys

Phe

Asn

Leu

Glu

245

Ser

Asn

Val

Met

Met

325

Arg

Thr

Leu

Tyr

Ser

405

Trp

Ser

Val

Met

Glu
485

Ser

Lys

Val

Ser

Glu

150

Gly

Ala

Ala

Leu

Ile

230

Thr

Lys

Pro

Ser

Pro

310

Gly

Asp

Asn

Arg

Asn

390

Leu

Pro

Ile

Tyr

Ser

470

Met

Gly

Glu

Ser

Thr

135

Gln

Pro

Thr

Gly

Trp

215

Thr

Asp

Gly

Gly

Leu

295

Asp

Met

Glu

Thr

Glu

375

Arg

Ala

Pro

Lys

Phe

455

Ala

Ala

Ser

Gly

Ser

120

Glu

Leu

Gln

Ser

Lys

200

Asp

Asp

Pro

Phe

Thr

280

Gly

Pro

Leu

Leu

Val

360

Ile

Gln

Thr

Gln

Met
440
Val

Ile

Asn

Cys

Leu

105

Leu

Lys

Ala

Ile

Arg

185

Ala

Ile

Asp

Lys

Ser

265

Met

Thr

Gly

Cys

Gly

345

Ser

Leu

Ser

Glu

Met

425

Arg

Gly

Leu

Ala

Gln

90

Gly

Leu

Glu

Glu

Leu

170

Val

Cys

Gln

Thr

Ala

250

Pro

Leu

Ser

Tyr

Tyr

330

Gly

Ala

Pro

Glu

His

410

Asp

Leu

Gly

Lys

Cys
490

Gln

Ser

Ala

Cys

Ile

155

Lys

Gln

Pro

Asn

His

235

Leu

Ser

Ala

Thr

His

315

Cys

Trp

Asp

Arg

Gln

395

Lys

Ala

Gln

Ala

Pro
475

Ala

His

Leu

Leu

Ala

140

Thr

Val

Leu

Phe

Gly

220

Ser

Leu

Cys

Leu

Thr

300

Val

Asn

Asp

Asp

Ala

380

Leu

Pro

Thr

Arg

Ser

460

Thr

Ile

Gly

Asp

Glu

125

Gln

Gly

Lys

Ile

Asp

205

Gln

Val

Gly

Gln

Pro

285

Ala

Phe

Gly

Glu

Val

365

Gly

Thr

Gln

Ala

Met
445
Val

Lys

Gly

Ser

Lys

110

Val

Phe

Ser

Glu

Ser

190

Leu

Trp

Glu

Lys

Val

270

Leu

Leu

Asn

Gly

Phe

350

His

Pro

Glu

Ala

Ile

430

Met

Asn

Gly

Ser

Val

His

Ser

Glu

Arg

Arg

175

Asn

Ala

Cys

Ser

Ile

255

Ala

Gln

Val

His

Leu

335

Asn

Val

Phe

Met

Gln

415

Ile

His

Thr

Ala

Ala
495

Tyr

Lys

Pro

Ala

Ala

160

Asn

Phe

Asp

Lys

Leu

240

Ser

Gln

Ala

Val

Pro

320

Ala

Glu

Gly

Glu

Ala

400

Asn

Gln

Gly

Ala

Trp

480

His
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His Ala Trp Leu

500

Cys Asp Pro Asn

Glu Glu Glu Val Lys Tyr Lys Asn

515

520

Ala Phe Lys Leu Ala Glu Asn Ala

530

<210> SEQ ID NO 7
<211> LENGTH: 1314

<212> TYPE:

DNA

535

<213> ORGANISM: Piromyces sp E2

<400> SEQUENCE: 7

atggctaaag

aaccctttygg

gattggttga

ttcggcggtg

aaacaaaagg

tttcacgatg

aaggcagtcg

agtactgcta

tttgatgtag

ttgggagctg

actgaccaga

gcaaggagta

aaacaccaat

gataaagatt

gaacatgaat

ggcgattatce

caagcctgga

gccaaaacaa

atggatgcaa

actaagatga

gacggaaagt

caaacctetyg

agtacttcce

ctttccacta

gatttgctat

gcactaagtce

tagacgctygg

tcgatttggt

ttgcctattt

acgtcttegyg

tcgctagage

agaactatgt

agagagagaa

agggctttaa

atgatgttga

ttaaggtaaa

tggcttgtge

agaatggttg

tggaaatcat

gaagaaactc

tggccagggc

agaaagagag

tgactttaga

gtaagcagga

<210> SEQ ID NO 8
<211> LENGTH: 437

<212> TYPE:

PRT

acagattcag

ctatgatgca

ggcttggtgg

ttttecttgy

ttttgagatc

gagtgaaggce

gaaggagaag

ccacaaaaga

tatagtccag

tttttgggga

agaacacatg

gggcactttt

cactgaaaca

cattgaggtc

tgttgatget

ggatactgat

aagaggtggt

cactgacttg

cttggagaac

gtacgcatca

gcaggtttat

attgtacgaa

<213> ORGANISM: Piromyces sp E2

<400> SEQUENCE: 8

Met Ala Lys Glu Tyr Phe Pro Gln

1

5

Lys Asp Ser Lys Asn Pro Leu Ala

20

Glu Val Met Gly Lys Lys Met Lys

35

40

Trp Trp His Thr Leu Cys Ala Glu

Lys
505

Val

Cys

Thr Gly

Asp Thr

Leu Glu

aagataaagt

dagaaggaag

catactttgt

aatgagggta

atgcagaagt

aatagtatag

caaaaggaaa

tacatgaacg

attaagaatg

ggtagggaag

gcaacaatgt

ttgattgaac

gccateggtt

aatcacgcca

ggaatgttgg

caatttccaa

ggctttgtaa

gaggatatca

getgctaagt

ttcgattetyg

gagtacggta

getattgteg

Ile
Phe
25

Asp

Gly

Gln Lys

His Tyr

Trp Leu

Ala Asp

Gln Val Gln
510

Asp Val Leu
525

Lys
540

tcgagggcaa
tcatgggaaa
gtgctgaagg
ctgatgecat
tgggcatcce
aggaatacga
ctggtatcaa
gtgcttctac
ctatcgacge
gctatatgte
taactatggce
ctaagcectat
tcttgaagge
cecttggeegy
gttctattga
tcgaccaata
ctggtggaac
ttattgctca
tgttacaaga
gaatcggcaa
aaaagaatgg

caatgtatca

Ile Lys Phe
Tyr Asp Ala
30

Arg Phe Ala
45

Gln Phe Gly

Val His

Leu Lys

agattctaaa
gaaaatgaag
tgcagaccag
tgaaatcgee
ttattactgt
gtctaactta
attgttgtgg
taatccagac
cggaattgag
tttgttgaat
aagagattac
ggaaccaact
ccacaacttyg
tcacacttte
tgcaaataga
cgaattggtt
taacttcgat
cgttteceggt
atcccectac
ggattttgag
cgagcctaaa

ataa

Glu Gly
15
Glu Lys

Met Ala

Gly Gly

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1314
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76

Thr

65

Lys

Pro

Ile

Glu

145

Phe

Ala

Glu

Gly

225

Lys

Ala

Ala

Asp

Asn

305

Gln

Thr

Ile

Glu

Lys

385

Asp

Gly

50

Lys

Gln

Tyr

Glu

Lys

130

Phe

Asp

Gly

Gly

Met

210

Phe

His

His

Thr

Ala

290

Gly

Ala

Asn

Ile

Asn

370

Glu

Gly

Glu

Ala

Ser

Lys

Tyr

Glu

115

Gln

Gly

Val

Ile

Tyr

195

Ala

Lys

Gln

Asn

Leu

275

Gly

Trp

Trp

Phe

Ile

355

Ala

Arg

Lys

Pro

Met
435

Phe

Val

Cys

100

Tyr

Lys

His

Val

Glu

180

Met

Thr

Gly

Tyr

Leu

260

Ala

Met

Asp

Met

Asp

340

Ala

Ala

Tyr

Leu

Lys
420

Tyr

Pro

Asp

85

Phe

Glu

Glu

Lys

Ala

165

Leu

Ser

Met

Thr

Asp

245

Asp

Gly

Leu

Thr

Glu

325

Ala

His

Lys

Ala

Thr
405

Gln

Gln

<210> SEQ ID NO 9

<211> LENGTH:

<212> TYPE: DNA
<213> ORGANISM: Yarrowia lipolytica

1545

Trp

70

Ala

His

Ser

Thr

Arg

150

Arg

Gly

Leu

Leu

Phe

230

Val

Lys

His

Gly

Asp

310

Ile

Lys

Val

Leu

Ser

390

Leu

Thr

55

Asn

Gly

Asp

Asn

Gly

135

Tyr

Ala

Ala

Leu

Thr

215

Leu

Asp

Asp

Thr

Ser

295

Gln

Ile

Thr

Ser

Leu

375

Phe

Glu

Ser

Glu

Phe

Val

Leu

120

Ile

Met

Ile

Glu

Asn

200

Met

Ile

Thr

Phe

Phe

280

Ile

Phe

Arg

Arg

Gly

360

Gln

Asp

Gln

Gly

Gly

Glu

Asp

105

Lys

Lys

Asn

Val

Asn

185

Thr

Ala

Glu

Glu

Lys

265

Glu

Asp

Pro

Gly

Arg

345

Met

Glu

Ser

Val

Lys
425

Thr

Ile

90

Leu

Ala

Leu

Gly

Gln

170

Tyr

Asp

Arg

Pro

Thr

250

Val

His

Ala

Ile

Gly

330

Asn

Asp

Ser

Gly

Tyr

410

Gln

Asp

75

Met

Val

Val

Leu

Ala

155

Ile

Val

Gln

Asp

Lys

235

Ala

Asn

Glu

Asn

Asp

315

Gly

Ser

Ala

Pro

Ile

395

Glu

Glu

60

Ala

Gln

Ser

Val

Trp

140

Ser

Lys

Phe

Lys

Tyr

220

Pro

Ile

Ile

Leu

Arg

300

Gln

Phe

Thr

Met

Tyr

380

Gly

Tyr

Leu

Ile

Lys

Glu

Ala

125

Ser

Thr

Asn

Trp

Arg

205

Ala

Met

Gly

Glu

Ala

285

Gly

Tyr

Val

Asp

Ala

365

Thr

Lys

Gly

Tyr

Glu

Leu

Gly

110

Tyr

Thr

Asn

Ala

Gly

190

Glu

Arg

Glu

Phe

Val

270

Cys

Asp

Glu

Thr

Leu

350

Arg

Lys

Asp

Lys

Glu
430

Ile

Gly

95

Asn

Leu

Ala

Pro

Ile

175

Gly

Lys

Ser

Pro

Leu

255

Asn

Ala

Tyr

Leu

Gly

335

Glu

Ala

Met

Phe

Lys

415

Ala

Ala

80

Ile

Ser

Lys

Asn

Asp

160

Asp

Arg

Glu

Lys

Thr

240

Lys

His

Val

Gln

Val

320

Gly

Asp

Leu

Lys

Glu

400

Asn

Ile
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<400> SEQUENCE: 9

atgactatcg actcacaata ctacaagtcg cgagacaaaa acgacacggc acccaaaatce 60
gecgggaatcce gatatgcccee gctatcgaca ccattactca accgatgtga gaccttctet 120
ctggtetgge acattttcag cattcccact ttectcacaa ttttcatget atgetgegea 180
attccactge tctggecatt tgtgattgeg tatgtagtgt acgctgttaa agacgactce 240
cegtecaacyg gaggagtggt caagcgatac tcegectattt caagaaactt cttcatctgg 300
aagctetttyg gcecgetactt ccccataact ctgcacaaga cggtggatct ggageccacyg 360
cacacatact accctctgga cgtccaggag tatcacctga ttgctgagag atactggccg 420
cagaacaagt acctccgagce aatcatctcce accatcgagt actttctgec cgecttcatg 480
aaacggtcte tttctatcaa cgagcaggag cagectgeeyg agcgagatce tctectgtet 540
ccegtttete ccagetcectcee gggttctcaa cctgacaagt ggattaacca cgacagcaga 600
tatagccegtyg gagaatcatc tggctccaac ggecacgect cgggctcecga acttaacgge 660
aacggcaaca atggcaccac taaccgacga cctttgtegt cegectetge tggetccact 720
gcatctgatt ccacgettet taacgggtcece ctcaactcct acgccaacca gatcattgge 780
gaaaacgacc cacagctgtce gcccacaaaa ctcaagecca ctggcagaaa atacatctte 840
ggctaccace cccacggcat tatcggcatg ggagectttg gtggaattge caccgaggga 900
gectggatggt ccaagetctt tccgggcatce cctgtttete ttatgactet caccaacaac 960
ttccgagtge ctctcectacag agagtaccte atgagtcetgg gagtcgcette tgtctcecaag 1020
aagtcctgca aggccctect caagcgaaac cagtctatct gecattgtcecgt tggtggagca 1080
caggaaagtc ttctggccag acccggtgtce atggacctgg tgctactcaa gcgaaagggt 1140
tttgttcgac ttggtatgga ggtcggaaat gtcgcccttg ttcccatcat ggecctttggt 1200
gagaacgacc tctatgacca ggttagcaac gacaagtcgt ccaagctgta ccgattccag 1260
cagtttgtca agaacttcct tggattcacc cttectttga tgcatgccecg aggcgtette 1320
aactacgatg tcggtcttgt cccctacagg cgacccgtca acattgtggt tggttceccce 1380
attgacttgce cttatctcecc acaccccacce gacgaagaag tgtccgaata ccacgaccga 1440
tacatcgcecg agctgcageg aatctacaac gagcacaagg atgaatattt catcgattgg 1500
accgaggagg gcaaaggagc cccagagttc cgaatgattg agtaa 1545

<210> SEQ I
<211> LENGT.
<212> TYPE:
<213> ORGAN

D NO 10
H: 514
PRT

ISM: Yarrowia lipolytica

<400> SEQUENCE: 10

Met Thr Ile
1

Ala Pro Lys
Leu Asn Arg
35

Pro Thr Phe
50

Trp Pro Phe
65

Pro Ser Asn

Asp Ser Gln Tyr Tyr

Ile Ala Gly Ile Arg

20

Cys Glu Thr Phe Ser

40

Leu Thr Ile Phe Met

55

Val Ile Ala Tyr Val

70

Gly Gly Val Val Lys

Lys

Tyr

25

Leu

Leu

Val

Arg

Ser

10

Ala

Val

Cys

Tyr

Tyr

Arg

Pro

Trp

Cys

Ala

75

Ser

Asp Lys Asn
Leu Ser Thr
30

His Ile Phe
45

Ala Ile Pro
60

Val Lys Asp

Pro Ile Ser

Asp Thr
15

Pro Leu

Ser Ile

Leu Leu

Asp Ser

80

Arg Asn
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80

Phe

Lys

Gln

Leu

145

Lys

Pro

Lys

Ser

Gly

225

Ala

Gln

Pro

Gly

Lys

305

Phe

Ser

Ile

Gly

Gly

385

Glu

Tyr

Leu

Tyr

Tyr

465

Tyr

Phe

Phe

Thr

Glu

130

Arg

Arg

Leu

Trp

Asn

210

Thr

Ser

Ile

Thr

Met

290

Leu

Arg

Val

Cys

Val

370

Met

Asn

Arg

Met

Arg

450

Leu

Ile

Ile

Ile

Val

115

Tyr

Ala

Ser

Leu

Ile

195

Gly

Thr

Asp

Ile

Gly

275

Gly

Phe

Val

Ser

Ile

355

Met

Glu

Asp

Phe

His

435

Arg

Pro

Ala

Asp

Trp

100

Asp

His

Ile

Leu

Ser

180

Asn

His

Asn

Ser

Gly

260

Arg

Ala

Pro

Pro

Lys

340

Val

Asp

Val

Leu

Gln

420

Ala

Pro

His

Glu

Trp
500

85

Lys

Leu

Leu

Ile

Ser

165

Pro

His

Ala

Arg

Thr

245

Glu

Lys

Phe

Gly

Leu

325

Lys

Val

Leu

Gly

Tyr

405

Gln

Arg

Val

Pro

Leu
485

Thr

Leu

Glu

Ile

Ser

150

Ile

Val

Asp

Ser

Arg

230

Leu

Asn

Tyr

Gly

Ile

310

Tyr

Ser

Gly

Val

Asn

390

Asp

Phe

Gly

Asn

Thr
470

Gln

Glu

Phe

Pro

Ala

135

Thr

Asn

Ser

Ser

Gly

215

Pro

Leu

Asp

Ile

Gly

295

Pro

Arg

Cys

Gly

Leu

375

Val

Gln

Val

Val

Ile
455
Asp

Arg

Glu

Gly

Thr

120

Glu

Ile

Glu

Pro

Arg

200

Ser

Leu

Asn

Pro

Phe

280

Ile

Val

Glu

Lys

Ala

360

Leu

Ala

Val

Lys

Phe

440

Val

Glu

Ile

Gly

Arg

105

His

Arg

Glu

Gln

Ser

185

Tyr

Glu

Ser

Gly

Gln

265

Gly

Ala

Ser

Tyr

Ala

345

Gln

Lys

Leu

Ser

Asn

425

Asn

Val

Glu

Tyr

Lys
505

90

Tyr

Thr

Tyr

Tyr

Glu

170

Ser

Ser

Leu

Ser

Ser

250

Leu

Tyr

Thr

Leu

Leu

330

Leu

Glu

Arg

Val

Asn

410

Phe

Tyr

Gly

Val

Asn
490

Gly

Phe

Tyr

Trp

Phe

155

Gln

Pro

Arg

Asn

Ala

235

Leu

Ser

His

Glu

Met

315

Met

Leu

Ser

Lys

Pro

395

Asp

Leu

Asp

Ser

Ser
475

Glu

Ala

Pro

Tyr

Pro

140

Leu

Pro

Gly

Gly

Gly

220

Ser

Asn

Pro

Pro

Gly

300

Thr

Ser

Lys

Leu

Gly

380

Ile

Lys

Gly

Val

Pro
460
Glu

His

Pro

Ile

Pro

125

Gln

Pro

Ala

Ser

Glu

205

Asn

Ala

Ser

Thr

His

285

Ala

Leu

Leu

Arg

Leu

365

Phe

Met

Ser

Phe

Gly

445

Ile

Tyr

Lys

Glu

Thr

110

Leu

Asn

Ala

Glu

Gln

190

Ser

Gly

Gly

Tyr

Lys

270

Gly

Gly

Thr

Gly

Asn

350

Ala

Val

Ala

Ser

Thr

430

Leu

Asp

His

Asp

Phe
510

95

Leu

Asp

Lys

Phe

Arg

175

Pro

Ser

Asn

Ser

Ala

255

Leu

Ile

Trp

Asn

Val

335

Gln

Arg

Arg

Phe

Lys

415

Leu

Val

Leu

Asp

Glu
495

Arg

His

Val

Tyr

Met

160

Asp

Asp

Gly

Asn

Thr

240

Asn

Lys

Ile

Ser

Asn

320

Ala

Ser

Pro

Leu

Gly

400

Leu

Pro

Pro

Pro

Arg
480

Tyr

Met
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-continued
Ile Glu
<210> SEQ ID NO 11
<211> LENGTH: 7270
<212> TYPE: DNA
<213> ORGANISM: Yarrowia lipolytica
<400> SEQUENCE: 11
atgcgactgce aattgaggac actaacacgt cggttttteca ggtgagtaaa cgacggtgge 60
cgtggecacyg acagecgagg cgtcacgatg ggccagacga gcacattcete gccgecacaa 120
cctegecage acaagaaact aacccagtat ggettcagga tcettcaacge cagatgtgge 180
tcecttggtyg gaccccaaca ttcacaaagg tcetegectet catttetttyg gactcaatte 240
tgtccacaca gccaagecct caaaagtcaa ggagtttgtg gettectcacyg gaggtcatac 300
agttatcaac aaggtgagta tttgacgttt agactgtata acaggcggcc gcagtgcaac 360
aacgaccaaa aagggtcgaa aaagggtcga aaacggacac aaaagctgga aaacaagagt 420
gtaatacatt cttacacgtc caattgttag acaaacacgg ctgttceggtc ccaaaaccac 480
cagtatcacc tattttccac ttgtgtcteg gatctgatca taatctgatce tcaagatgaa 540
atttacgcca ccgacatgat attgtgattt teggattcte cagaccgage agattccage 600
aataccacca cttgcccacce ttcageggece teteggegeg attcegccact ttccccaacyg 660
agtgttacta acccaggtcc tcatcgctaa caacggtatt gccgcagtaa aggagatccg 720
ttcagtacga aaatgggcct acgagacctt tggcgacgag cgagcaatct cgttcaccgt 780
catggccace cccgaagatc tcgctgecaa cgecgactac attagaatgg ccgatcagta 840
cgtecgaggtyg cccggaggaa ccaacaacaa caactacgec aacgtcgage tgattgtcga 900
cgtggetgag cgatteggeg tcgatgecgt gtgggccgga tggggcecatyg ccagtgaaaa 960
tceectgete ceccgagtege tagecggecte tceecccgcaag attgtcecttceca teggecctece 1020
cggagctgcece atgagatctce tgggagacaa aatttcttet accattgtgg cccagcacgce 1080
aaaggtccecg tgtatccegt ggtctggaac cggagtggac gaggttgtgg ttgacaagag 1140
caccaaccte gtgtecegtgt ccgaggaggt gtacaccaag ggctgcacca ccggtceccaa 1200
gcagggtcetyg gagaaggcta agcagattgg attccccgtg atgatcaagg ctteccgaggg 1260
aggaggagga aagggtattc gaaaggttga gcgagaggag gacttcgagg ctgcttacca 1320
ccaggtcgag ggagagatcc ccggctegcece catcttcatt atgcagcecttg caggcaatgce 1380
ccggcatttg gaggtgcage ttcectggctga tcagtacggce aacaatattt cactgtttgg 1440
tcgagattgt tcggttcage gacggcatca aaagattatt gaggaggctce ctgtgactgt 1500
ggctggccag cagaccttca ctgccatgga gaaggctgec gtgcgactcg gtaagcttgt 1560
cggatatgtc tctgcaggta ccgttgaata tctgtattcce catgaggacg acaagttcta 1620
cttcttggag ctgaatccte gtcecttcaggt cgaacatcct accaccgaga tggtcaccgg 1680
tgtcaacctg cccgectgecee agcttcagat cgccatgggt atccceccteg atcgaatcaa 1740
ggacattcgt ctettttacg gtgttaaccce tcacaccacc actccaattg atttcgactt 1800
ctegggegag gatgetgata agacacageg acgtcccegte ceeccgaggte acaccactge 1860
ttgccgaatc acatccgagg accctggaga gggtttcaag cecctccggag gtactatgcea 1920
cgagctcaac ttccgatccect cgtccaacgt gtggggttac ttctecegttg gtaaccaggg 1980
aggtatccat tcgttctecgg attcgcagtt tggtcacatc ttcgectteg gtgagaaccg 2040
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aagtgcgtct cgaaagcaca tggttgttgce tttgaaggaa ctatctattce gaggtgactt 2100
ccgaaccace gtcgagtacce tcatcaaget getggagaca cceggactteg aggacaacac 2160
catcaccacc ggctggctgg atgagcttat ctccaacaag ctgactgccg agcgacccga 2220
ctegttecte getgttgttt gtggtgctge taccaaggcce catcgagctt ccgaggactce 2280
tattgccacc tacatggctt cgctagagaa gggccaggtc cctgctcgag acattctcaa 2340
gaccctttte ccecgttgact tcatctacga gggccagcgg tacaagttca ccgccacccyg 2400
gtcgtctgag gactcttaca cgctgttcat caacggttet cgatgcgaca ttggagttag 2460
acctctttet gacggtggta ttectgtgtcet tgtaggtggg agatcccaca atgtctactg 2520
gaaggaggag gttggagcca cgcgactgtc tgttgactcc aagacctgcec ttctcgaggt 2580
ggagaacgac cccactcagce ttcgatctcecce ctctececcggt aagcectggtta agttecctggt 2640
cgagaacggce gaccacgtgce gagccaacca gecctatgece gagattgagyg tcatgaagat 2700
gtacatgact ctcactgctc aggaggacgg tattgtccag ctgatgaagc agcccggtte 2760
caccatcgag gctggcgaca tectcecggtat cttggcectt gatgatcctt ccaaggtcaa 2820
gcatgccaag ccctttgagg gccagcttece cgagcttgga ccccccactce tcagcecggtaa 2880
caagcctcat cagcgatacg agcactgcca gaacgtgcectce cataacattce tgettggttt 2940
cgataaccag gtggtgatga agtccactct tcaggagatg gttggtctgce tccgaaaccce 3000
tgagcttect tatctccagt gggctcatca ggtgtcttet ctgcacacce gaatgagegce 3060
caagctggat gctactcttg ctggtctcat tgacaaggcc aagcagcgag gtggcgagtt 3120
tcetgecaag cagcttcectge gagcececttga gaaggaggcg agctctggeg aggtcgatgce 3180
gctettecag caaactcecttg ctectetgtt tgaccttget cgagagtacce aggacggtcet 3240
tgctatccac gagcttcagg ttgctgcagg ccttectgcag gectactacg actctgaggce 3300
ccggttetge ggacccaacg tacgtgacga ggatgtcatt ctcaagcttce gagaggagaa 3360
ccgagattct cttcgaaagg ttgtgatgge ccagctgtet cattctcgag teggagccaa 3420
gaacaacctt gtgctggcce ttctcgatga atacaaggtg gcecgaccagg ctggcaccga 3480
ctctectgece teccaacgtge acgttgcaaa gtacttgcega cctgtgctge gaaagattgt 3540
ggagctggaa tctcgagcett ctgccaaggt atctctgaaa gceccgagaga ttctcatceca 3600
gtgcgctetyg cectctectaa aggagcgaac tgaccagctt gagcacattce tgcgatctte 3660
tgtcgtegag tectcgatacyg gagaggttgg tctggagcac cgaactcccce gagccgatat 3720
tctcaaggag gttgtcgact ccaagtacat tgtctttgat gtgcttgcce agttctttgce 3780
ccacgatgat ccctggatcg tecttgetge cctggagetg tacatccgac gagcttgcaa 3840
ggcctactee atcctggaca tcaactacca ccaggactceg gacctgecctce ccgtcatcete 3900
gtggcgattt agactgccta ccatgtegtce tgctttgtac aactcagtag tgtcecttetgg 3960
ctccaaaacc cccacttecece ccteggtgte tcgagctgat teccgtcectceeg acttttegta 4020
caccgttgag cgagactctg ctecccgeteg aaccggageg attgttgceg tgcctcatct 4080
ggatgatctyg gaggatgctce tgactcgtgt tctggagaac ctgcccaaac ggggcgcetgg 4140
tcttgecate tetgttggtyg ctagcaacaa gagtgccget gettcectgcte gtgacgetgce 4200
tgctgctgee gettcateeg ttgacactgg cctgtccaac atttgcaacg ttatgattgg 4260
tcgggttgat gagtctgatg acgacgacac tctgattgecce cgaatctcecce aggtcattga 4320
ggactttaag gaggactttg aggcctgttc tctgcgacga atcaccttct cctteggcaa 4380
ctcccgaggt acttatccca agtatttcac gttecgagge cccgcatacg aggaggaccce 4440
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cactatccga cacattgagc ctgctcectgge ctteccagetg gagctcecgcecce gtcectgtecaa 4500
cttcgacatc aagcctgtec acaccgacaa ccgaaacatc cacgtgtacg aggctactgg 4560
caagaacgct gcttceccgaca ageggttctt cacccgaggt atcgtacgac ctggtcegtcet 4620
tcgagagaac atccccacct cggagtatct catttccgag gectgaccgge tcatgagcega 4680
tattttggac gctctagagg tgattggaac caccaactcg gatctcaacc acattttcat 4740
caacttctca geccgtcectttg ctetgaagce cgaggaggtt gaagctgcect ttggeggttt 4800
cctggagecga tttggccgac gtcectgtggceg acttcgagtce accggtgceg agatccgaat 4860
gatggtatcc gaccccgaaa ctggctcetge tttcectcectg cgagcaatga tcaacaacgt 4920
ctctggttac gttgtgcagt ctgagctgta cgctgaggcce aagaacgaca agggccagtg 4980
gattttcaag tctctgggca agcccggctce catgcacatg cggtctatca acactcecta 5040
ccecaccaag gagtggetge agcccaageg gtacaaggece catctgatgg gtaccaccta 5100
ctgctatgac ttccccgage tgttcecgaca gtccattgag tcggactgga agaagtatga 5160
cggcaaggct cccgacgatce tcatgacttg caacgagcetg attctcgatg aggactcectgg 5220
cgagetgcag gaggtgaacce gagagcccgg cgccaacaac gteggtatgg ttgegtggaa 5280
gtttgaggcc aagacccccg agtacccteg aggccgatcet ttcatcegtgg tggccaacga 5340
tatcaccttc cagattggtt cgtttggcce tgctgaggac cagttcttcet tcaaggtgac 5400
ggagctggcet cgaaagctcg gtattceccteg aatctatctg tetgccaact ctggtgeteg 5460
aatcggcatt gctgacgagce tcegttggcaa gtacaaggtt gegtggaacg acgagactga 5520
ccectecaag ggcttcaagt acctttactt cacccctgag tetcettgcca cectcaagece 5580
cgacactgtt gtcaccactg agattgagga ggagggtccc aacggcgtgg agaagcgtca 5640
tgtgatcgac tacattgtcg gagagaagga cggtctcgga gtcgagtgtce tgcggggcetce 5700
tggtctcatt gcaggcgcca cttctcecgage ctacaaggat atcttcacte tcactcettgt 5760
cacctgtcga tccgttggta teggtgectta ccttgttegt cttggtcaac gagccatcca 5820
gattgagggc cagcccatca ttcectcactgg tgccceccgec atcaacaagce tgcttggteg 5880
agaggtctac tcttccaact tgcagcttgg tggtactcag atcatgtaca acaacggtgt 5940
gtctcatcetg actgcccgag atgatctcaa cggtgtccac aagatcatgc agtggctgtce 6000
atacatccct gettectcecgag gtecttecagt gectgttete cctcacaaga ccgatgtgtg 6060
ggatcgagac gtgacgttce agectgteccg aggcgagcag tacgatgtta gatggcttat 6120
ttectggecga actctcgagg atggtgcttt cgagtctggt ctcectttgaca aggactcettt 6180
ccaggagact ctgtctggcect gggccaaggg tgttgttgtt ggtcgagcte gtcecttggegg 6240
cattcccectte ggtgtcattg gtgtcgagac tgcgaccgtc gacaatacta cccctgccga 6300
tceecgecaac ccggactceta ttgagatgag cacctctgaa geccggccagg tttggtacce 6360
caactcggcce ttcaagacct ctcaggccat caacgacttc aaccatggtg aggcgcttcece 6420
tctcatgatt cttgctaact ggcgaggctt ttetggtggt cagcgagaca tgtacaatga 6480
ggttctcaag tacggatctt tcattgttga tgctctggtt gactacaagc agcccatcat 6540
ggtgtacatc ccteccaccg gtgagcectgeg aggtggttet tgggttgtgg ttgacccecac 6600
catcaactcg gacatgatgg agatgtacgc tgacgtcgag tctcgaggtg gtgtgctgga 6660
geecgaggga atggtceggta tcaagtaccg acgagacaag ctactggaca ccatggeteg 6720
tctggatcce gagtactecct ctectcaagaa gcagcttgag gagtctcceg attctgagga 6780
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88

gctcaaggte

cgtgcagttt

tgaggctett

agtcgaggag

gtgtctgget

tgttgccgag

gaaggacgct

ccagggeatyg

ggggttgtga

<210>
<211>
<212>
<213>

<400>

aagctcageg

gecgacttge

gtgtggaagg

tacctcatta

cgaatcaagt

tggtttgacyg

tctgecccagt

aagcaggctce

PRT

SEQUENCE :

Met Arg Leu Gln

1

Ser

Ala

Thr

65

Lys

Glu

Ala

Gly

145

Ala

Lys

Asp

Ile

Thr
225

Thr

Gly

Lys

Lys

50

Val

Glu

Arg

Asn

Gly

130

Ala

Ser

Ile

Lys

Pro

210

Asn

Gly

Met

Glu

Ser

Gly

35

Pro

Ile

Ile

Ala

Ala

115

Thr

Glu

Glu

Val

Ile

195

Trp

Leu

Pro

Ile

Arg
275

Ser

20

Leu

Ser

Asn

Arg

Ile

100

Asp

Asn

Arg

Asn

Phe

180

Ser

Ser

Val

Lys

Lys

260

Glu

SEQ ID NO 12
LENGTH:
TYPE :
ORGANISM: Yarrowia lipolytica

2266

12

Leu Arg

Thr Pro

Ala Ser

Lys Val

Lys Val
70

Ser Val
85

Ser Phe

Tyr Ile

Asn Asn

Phe Gly
150

Pro Leu
165

Ile Gly

Ser Thr

Gly Thr

Ser Val
230

Gln Gly
245

Ala Ser

Glu Asp

Thr

Asp

His

Lys

55

Leu

Arg

Thr

Arg

Asn

135

Val

Leu

Pro

Ile

Gly

215

Ser

Leu

Glu

Phe

tgcgagagaa
atgaccgage
atgctegteg
ccaagatcaa
cgtggaagec
agaactctga
cgtttgette

tegettetet

Leu

Val

Phe

40

Glu

Ile

Lys

Val

Met

120

Tyr

Asp

Pro

Pro

Val

200

Val

Glu

Glu

Gly

Glu
280

gtctcteaty

tggccgaatg

attcttctte

tagcattctg

tgccactett

tgcegtetet

tcaactgaga

ttctgagget

Thr

Ala

25

Phe

Phe

Ala

Trp

Met

105

Ala

Ala

Ala

Glu

Gly

185

Ala

Asp

Glu

Lys

Gly

265

Ala

Arg

10

Pro

Gly

Val

Asn

Ala

90

Ala

Asp

Asn

Val

Ser

170

Ala

Gln

Glu

Val

Ala
250

Gly

Ala

Arg

Leu

Leu

Ala

Asn

75

Tyr

Thr

Gln

Val

Trp

155

Leu

Ala

His

Val

Tyr
235
Lys

Gly

Tyr

cccatctace agcagatctce

gaggccaagg

tggcgaatce

ccctettgea

gatcagggcet

getegactca

aaggaccgac

gagcgggetg

Phe

Val

Asn

Ser

Gly

Glu

Pro

Tyr

Glu

140

Ala

Ala

Met

Ala

Val

220

Thr

Gln

Lys

His

Phe

Asp

Ser

45

His

Ile

Thr

Glu

Val

125

Leu

Gly

Ala

Arg

Lys

205

Val

Lys

Ile

Gly

Gln
285

Ser

Pro

30

Val

Gly

Ala

Phe

Asp

110

Glu

Ile

Trp

Ser

Ser

190

Val

Asp

Gly

Gly

Ile
270

Val

Met

15

Asn

His

Gly

Ala

Gly

95

Leu

Val

Val

Gly

Pro

175

Leu

Pro

Lys

Cys

Phe
255

Arg

Glu

gtgtcattcg

gacgacgatt

ctcggettga

ctgaccgggg

gcgagcetcaa

agggtactct

agctgcetcaa

Ala

Ile

Thr

His

Val

80

Asp

Ala

Pro

Asp

His

160

Arg

Gly

Cys

Ser

Thr
240
Pro

Lys

Gly

6840

6900

6960

7020

7080

7140

7200

7260

7270
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Glu

Arg

305

Ser

Ile

Met

Ala

Phe

385

Met

Gly

Asn

Ala

Cys

465

Gly

Tyr

Gln

Lys

Arg

545

Glu

Lys

Ala

Met

Thr

625

Thr

Ser

Cys

Gly

Ile

290

His

Leu

Glu

Glu

Gly

370

Leu

Val

Ile

Pro

Asp

450

Arg

Thr

Phe

Phe

His

530

Thr

Asp

Leu

Ala

Ala

610

Leu

Ala

Arg

Leu

Ala
690

Pro

Leu

Phe

Glu

Lys

355

Thr

Glu

Thr

Pro

His

435

Lys

Ile

Met

Ser

Gly

515

Met

Thr

Asn

Thr

Thr

595

Ser

Phe

Thr

Cys

Val

675

Thr

Gly

Glu

Gly

Ala

340

Ala

Val

Leu

Gly

Leu

420

Thr

Thr

Thr

His

Val

500

His

Val

Val

Thr

Ala

580

Lys

Leu

Pro

Arg

Asp

660

Gly

Arg

Ser

Val

Arg

325

Pro

Ala

Glu

Asn

Val

405

Asp

Thr

Gln

Ser

Glu

485

Gly

Ile

Val

Glu

Ile

565

Glu

Ala

Glu

Val

Ser
645
Ile

Gly

Leu

Pro

Gln

310

Asp

Val

Val

Tyr

Pro

390

Asn

Arg

Thr

Arg

Glu

470

Leu

Asn

Phe

Ala

Tyr

550

Thr

Arg

His

Lys

Asp

630

Ser

Gly

Arg

Ser

Ile

295

Leu

Cys

Thr

Arg

Leu

375

Arg

Leu

Ile

Pro

Arg

455

Asp

Asn

Gln

Ala

Leu

535

Leu

Thr

Pro

Arg

Gly

615

Phe

Glu

Val

Ser

Val
695

Phe

Leu

Ser

Val

Leu

360

Tyr

Leu

Pro

Lys

Ile

440

Pro

Pro

Phe

Gly

Phe

520

Lys

Ile

Gly

Asp

Ala

600

Gln

Ile

Asp

Arg

His

680

Asp

Ile

Ala

Val

Ala

345

Gly

Ser

Gln

Ala

Asp

425

Asp

Val

Gly

Arg

Gly

505

Gly

Glu

Lys

Trp

Ser

585

Ser

Val

Tyr

Ser

Pro
665

Asn

Ser

Met

Asp

Gln

330

Gly

Lys

His

Val

Ala

410

Ile

Phe

Pro

Glu

Ser

490

Ile

Glu

Leu

Leu

Leu

570

Phe

Glu

Pro

Glu

Tyr

650

Leu

Val

Lys

Gln

Gln

315

Arg

Gln

Leu

Glu

Glu

395

Gln

Arg

Asp

Arg

Gly

475

Ser

His

Asn

Ser

Leu

555

Asp

Leu

Asp

Ala

Gly

635

Thr

Ser

Tyr

Thr

Leu

300

Tyr

Arg

Gln

Val

Asp

380

His

Leu

Leu

Phe

Gly

460

Phe

Ser

Ser

Arg

Ile

540

Glu

Glu

Ala

Ser

Arg

620

Gln

Leu

Asp

Trp

Cys
700

Ala

Gly

His

Thr

Gly

365

Asp

Pro

Gln

Phe

Ser

445

His

Lys

Asn

Phe

Ser

525

Arg

Thr

Leu

Val

Ile

605

Asp

Arg

Phe

Gly

Lys

685

Leu

Gly

Asn

Gln

Phe

350

Tyr

Lys

Thr

Ile

Tyr

430

Gly

Thr

Pro

Val

Ser

510

Ala

Gly

Pro

Ile

Val

590

Ala

Ile

Tyr

Ile

Gly
670

Glu

Leu

Asn

Asn

Lys

335

Thr

Val

Phe

Thr

Ala

415

Gly

Glu

Thr

Ser

Trp

495

Asp

Ser

Asp

Asp

Ser

575

Cys

Thr

Leu

Lys

Asn
655
Ile

Glu

Glu

Ala

Ile

320

Ile

Ala

Ser

Tyr

Glu

400

Met

Val

Asp

Ala

Gly

480

Gly

Ser

Arg

Phe

Phe

560

Asn

Gly

Tyr

Lys

Phe

640

Gly

Leu

Val

Val
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Glu Asn Asp Pro Thr Gln Leu Arg Ser Pro Ser Pro Gly Lys Leu Val
705 710 715 720

Lys Phe Leu Val Glu Asn Gly Asp His Val Arg Ala Asn Gln Pro Tyr
725 730 735

Ala Glu Ile Glu Val Met Lys Met Tyr Met Thr Leu Thr Ala Gln Glu
740 745 750

Asp Gly Ile Val Gln Leu Met Lys Gln Pro Gly Ser Thr Ile Glu Ala
755 760 765

Gly Asp Ile Leu Gly Ile Leu Ala Leu Asp Asp Pro Ser Lys Val Lys
770 775 780

His Ala Lys Pro Phe Glu Gly Gln Leu Pro Glu Leu Gly Pro Pro Thr
785 790 795 800

Leu Ser Gly Asn Lys Pro His Gln Arg Tyr Glu His Cys Gln Asn Val
805 810 815

Leu His Asn Ile Leu Leu Gly Phe Asp Asn Gln Val Val Met Lys Ser
820 825 830

Thr Leu Gln Glu Met Val Gly Leu Leu Arg Asn Pro Glu Leu Pro Tyr
835 840 845

Leu Gln Trp Ala His Gln Val Ser Ser Leu His Thr Arg Met Ser Ala
850 855 860

Lys Leu Asp Ala Thr Leu Ala Gly Leu Ile Asp Lys Ala Lys Gln Arg
865 870 875 880

Gly Gly Glu Phe Pro Ala Lys Gln Leu Leu Arg Ala Leu Glu Lys Glu
885 890 895

Ala Ser Ser Gly Glu Val Asp Ala Leu Phe Gln Gln Thr Leu Ala Pro
900 905 910

Leu Phe Asp Leu Ala Arg Glu Tyr Gln Asp Gly Leu Ala Ile His Glu
915 920 925

Leu Gln Val Ala Ala Gly Leu Leu Gln Ala Tyr Tyr Asp Ser Glu Ala
930 935 940

Arg Phe Cys Gly Pro Asn Val Arg Asp Glu Asp Val Ile Leu Lys Leu
945 950 955 960

Arg Glu Glu Asn Arg Asp Ser Leu Arg Lys Val Val Met Ala Gln Leu
965 970 975

Ser His Ser Arg Val Gly Ala Lys Asn Asn Leu Val Leu Ala Leu Leu
980 985 990

Asp Glu Tyr Lys Val Ala Asp Gln Ala Gly Thr Asp Ser Pro Ala Ser
995 1000 1005

Asn Val His Val Ala Lys Tyr Leu Arg Pro Val Leu Arg Lys Ile
1010 1015 1020

Val Glu Leu Glu Ser Arg Ala Ser Ala Lys Val Ser Leu Lys Ala
1025 1030 1035

Arg Glu Ile Leu Ile Gln Cys Ala Leu Pro Ser Leu Lys Glu Arg
1040 1045 1050

Thr Asp Gln Leu Glu His Ile Leu Arg Ser Ser Val Val Glu Ser
1055 1060 1065

Arg Tyr Gly Glu Val Gly Leu Glu His Arg Thr Pro Arg Ala Asp
1070 1075 1080

Ile Leu Lys Glu Val Val Asp Ser Lys Tyr Ile Val Phe Asp Val
1085 1090 1095

Leu Ala Gln Phe Phe Ala His Asp Asp Pro Trp Ile Val Leu Ala
1100 1105 1110

Ala Leu Glu Leu Tyr Ile Arg Arg Ala Cys Lys Ala Tyr Ser Ile
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Leu

Ser

Ser

Ser

Asp

Leu

Pro

Lys

Ser

Gly

Ile

Ser

Tyr

Pro

Leu

Asn

Ser

Leu

Asp

Thr

Phe

Gly

Ala

Trp

1115

Asp
1130

Trp
1145

Val
1160

Arg
1175

Ser
1190

Asp
1205

Lys
1220

Ser
1235

Ser
1250

Arg
1265

Ser
1280

Leu
1295

Pro
1310

Thr
1325

Ala
1340

Arg
1355

Asp
1370

Arg
1385

Arg
1400

Thr
1415

Phe
1430

Leu
1445

Ala
1460

Phe
1475

Gln
1490

Ile
1505

Ile

Arg

Val

Ala

Ala

Asp

Arg

Ala

Val

Val

Gln

Arg

Lys

Ile

Arg

Asn

Lys

Glu

Leu

Ala

Glu

Glu

Pro

Ser

Phe

Asn

Phe

Ser

Asp

Pro

Leu

Gly

Ala

Asp

Asp

Val

Arg

Tyr

Arg

Leu

Ile

Arg

Asn

Met

Ser

Leu

Arg

Ile

Leu

Glu

Lys

Tyr

Arg

Ser

Ser

Ala

Glu

Ala

Ala

Thr

Glu

Ile

Ile

Phe

His

Ser

His

Phe

Ile

Ser

Asp

Lys

Phe

Arg

Arg

Leu

Ser

His

Leu

Gly

Val

Arg

Asp

Gly

Ser

Gly

Ser

Glu

Thr

Thr

Ile

Asn

Val

Phe

Pro

Asp

Leu

Pro

Gly

Met

Ala

Tyr

Leu

1120

Gln
1135

Pro
1150

Ser
1165

Ser
1180

Thr
1195

Ala
1210

Leu
1225

Ala
1240

Leu
1255

Asp
1270

Asp
1285

Phe
1300

Phe
1315

Glu
1330

Phe
1345

Tyr
1360

Thr
1375

Thr
1390

Ile
1405

Asn
1420

Glu
1435

Arg
1450

Met
1465

Met
1480

Ala
1495

Gly
1510

Asp

Thr

Lys

Asp

Gly

Leu

Ala

Arg

Ser

Asp

Phe

Ser

Arg

Pro

Asp

Glu

Arg

Ser

Leu

His

Glu

Arg

Val

Ile

Glu

Lys

Ser

Met

Thr

Phe

Ala

Thr

Ile

Asp

Asn

Asp

Lys

Phe

Gly

Ala

Ile

Ala

Gly

Glu

Asp

Ile

Val

Leu

Ser

Asn

Ala

Pro

Asp

Ser

Pro

Ser

Ile

Arg

Ser

Ala

Ile

Asp

Glu

Gly

Pro

Leu

Lys

Thr

Ile

Tyr

Ala

Phe

Glu

Trp

Asp

Asn

Lys

Gly

Leu

Ser

Thr

Tyr

Val

Val

Val

Ala

Cys

Thr

Asp

Asn

Ala

Ala

Pro

Gly

Val

Leu

Leu

Ile

Ala

Arg

Pro

Val

Asn

Ser

1125

Pro
1140

Ala
1155

Ser
1170

Thr
1185

Ala
1200

Leu
1215

Gly
1230

Ala
1245

Asn
1260

Leu
1275

Phe
1290

Ser
1305

Tyr
1320

Phe
1335

Val
1350

Lys
1365

Arg
1380

Ile
1395

Glu
1410

Asn
1425

Ala
1440

Leu
1455

Glu
1470

Ser
1485

Asp
1500

Met
1515

Pro

Leu

Pro

Val

Val

Glu

Ala

Ala

Val

Ile

Glu

Arg

Glu

Gln

His

Asn

Pro

Ser

Val

Phe

Phe

Arg

Thr

Gly

Lys

His

Val

Tyr

Ser

Glu

Pro

Asn

Ser

Ala

Met

Ala

Ala

Gly

Glu

Leu

Thr

Ala

Gly

Glu

Ile

Ser

Gly

Val

Gly

Tyr

Gly

Met

Ile

Asn

Val

Arg

His

Leu

Asn

Ala

Ile

Arg

Cys

Thr

Asp

Glu

Ala

Arg

Ala

Gly

Ala

Gly

Thr

Ser

Val

Gln

Arg
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Ser

Arg

Pro

Asp

Leu

Gly

Thr

Asp

Phe

Arg

Asp

Asp

Leu

Glu

Ile

Ser

Phe

Tyr

Pro

Arg

Met

Asn

Ser

Trp

Asp

Phe

Ile
1520

Tyr
1535

Glu
1550

Gly
1565

Asp
1580

Ala
1595

Pro
1610

Ile
1625

Phe
1640

Ile
1655

Glu
1670

Pro
1685

Ala
1700

Glu
1715

Val
1730

Gly
1745

Thr
1760

Leu
1775

Ile
1790

Glu
1805

Tyr
1820

Gly
1835

Arg
1850

Asp
1865

Val
1880

Glu
1895

Asn

Lys

Leu

Lys

Glu

Asn

Glu

Thr

Phe

Tyr

Leu

Ser

Thr

Gly

Gly

Leu

Leu

Val

Ile

Val

Asn

Val

Gly

Arg

Arg

Ser

Thr

Ala

Phe

Ala

Asp

Asn

Tyr

Phe

Lys

Leu

Val

Lys

Leu

Pro

Glu

Ile

Thr

Arg

Leu

Tyr

Asn

His

Leu

Asp

Trp

Gly

Pro

His

Arg

Pro

Ser

Val

Pro

Gln

Val

Ser

Gly

Gly

Lys

Asn

Lys

Ala

Leu

Leu

Thr

Ser

Gly

Lys

Pro

Val

Leu

Leu

Tyr

Leu

Gln

Asp

Gly

Gly

Arg

Ile

Thr

Ala

Lys

Phe

Pro

Gly

Asp

Gly

Val

Gly

Gly

Ser

Val

Ile

Val

Thr

Ile

Phe

Pro
1525

Met
1540

Ser
1555

Asp
1570

Glu
1585

Met
1600

Gly
1615

Gly
1630

Glu
1645

Asn
1660

Tyr
1675

Lys
1690

Asp
1705

Val
1720

Gly
1735

Ala
1750

Thr
1765

Gln
1780

Ala
1795

Asn
1810

Ser
1825

Met
1840

Pro
1855

Phe
1870

Ser
1885

Asp
1900

Thr

Gly

Ile

Leu

Leu

Val

Arg

Ser

Leu

Ser

Lys

Tyr

Thr

Glu

Leu

Thr

Cys

Arg

Pro

Leu

Gln

Val

Gln

Gly

Lys

Lys

Thr

Glu

Met

Gln

Ala

Ser

Phe

Ala

Gly

Val

Leu

Val

Lys

Gly

Ser

Arg

Ala

Ala

Gln

Leu

Trp

Leu

Pro

Arg

Asp

Glu

Thr

Ser

Thr

Glu

Trp

Phe

Gly

Arg

Ala

Ala

Tyr

Val

Arg

Val

Arg

Ser

Ile

Ile

Leu

Thr

Leu

Pro

Val

Thr

Ser

Trp

Tyr

Asp

Cys

Val

Lys

Ile

Pro

Lys

Arg

Trp

Phe

Thr

His

Glu

Ala

Val

Gln

Asn

Gly

Ala

Ser

His

Arg

Leu

Phe

Leu
1530

Cys
1545

Trp
1560

Asn
1575

Asn
1590

Phe
1605

Val
1620

Ala
1635

Leu
1650

Ile
1665

Asn
1680

Thr
1695

Thr
1710

Val
1725

Cys
1740

Tyr
1755

Gly
1770

Ile
1785

Lys
1800

Gly
1815

Arg
1830

Tyr
1845

Lys
1860

Gly
1875

Glu
1890

Gln
1905

Gln

Tyr

Lys

Glu

Arg

Glu

Val

Glu

Gly

Gly

Asp

Pro

Glu

Ile

Leu

Lys

Ile

Glu

Leu

Thr

Asp

Ile

Thr

Glu

Asp

Glu

Pro

Asp

Lys

Leu

Glu

Ala

Ala

Asp

Ile

Ile

Glu

Glu

Ile

Asp

Arg

Asp

Gly

Gly

Leu

Gln

Asp

Pro

Asp

Gln

Gly

Thr

Lys

Phe

Tyr

Ile

Pro

Lys

Asn

Gln

Pro

Ala

Thr

Ser

Glu

Tyr

Gly

Ile

Ala

Gln

Gly

Ile

Leu

Ala

Val

Tyr

Ala

Leu
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Ser Gly Trp Ala Lys Gly Val Val Val Gly Arg Ala Arg Leu Gly
1910 1915 1920

Gly Ile Pro Phe Gly Val Ile Gly Val Glu Thr Ala Thr Val Asp
1925 1930 1935

Asn Thr Thr Pro Ala Asp Pro Ala Asn Pro Asp Ser Ile Glu Met
1940 1945 1950

Ser Thr Ser Glu Ala Gly Gln Val Trp Tyr Pro Asn Ser Ala Phe
1955 1960 1965

Lys Thr Ser Gln Ala Ile Asn Asp Phe Asn His Gly Glu Ala Leu
1970 1975 1980

Pro Leu Met Ile Leu Ala Asn Trp Arg Gly Phe Ser Gly Gly Gln
1985 1990 1995

Arg Asp Met Tyr Asn Glu Val Leu Lys Tyr Gly Ser Phe Ile Val
2000 2005 2010

Asp Ala Leu Val Asp Tyr Lys Gln Pro Ile Met Val Tyr Ile Pro
2015 2020 2025

Pro Thr Gly Glu Leu Arg Gly Gly Ser Trp Val Val Val Asp Pro
2030 2035 2040

Thr Ile Asn Ser Asp Met Met Glu Met Tyr Ala Asp Val Glu Ser
2045 2050 2055

Arg Gly Gly Val Leu Glu Pro Glu Gly Met Val Gly 1Ile Lys Tyr
2060 2065 2070

Arg Arg Asp Lys Leu Leu Asp Thr Met Ala Arg Leu Asp Pro Glu
2075 2080 2085

Tyr Ser Ser Leu Lys Lys Gln Leu Glu Glu Ser Pro Asp Ser Glu
2090 2095 2100

Glu Leu Lys Val Lys Leu Ser Val Arg Glu Lys Ser Leu Met Pro
2105 2110 2115

Ile Tyr Gln Gln Ile Ser Val Gln Phe Ala Asp Leu His Asp Arg
2120 2125 2130

Ala Gly Arg Met Glu Ala Lys Gly Val Ile Arg Glu Ala Leu Val
2135 2140 2145

Trp Lys Asp Ala Arg Arg Phe Phe Phe Trp Arg Ile Arg Arg Arg
2150 2155 2160

Leu Val Glu Glu Tyr Leu Ile Thr Lys Ile Asn Ser Ile Leu Pro
2165 2170 2175

Ser Cys Thr Arg Leu Glu Cys Leu Ala Arg Ile Lys Ser Trp Lys
2180 2185 2190

Pro Ala Thr Leu Asp Gln Gly Ser Asp Arg Gly Val Ala Glu Trp
2195 2200 2205

Phe Asp Glu Asn Ser Asp Ala Val Ser Ala Arg Leu Ser Glu Leu
2210 2215 2220

Lys Lys Asp Ala Ser Ala Gln Ser Phe Ala Ser Gln Leu Arg Lys
2225 2230 2235

Asp Arg Gln Gly Thr Leu Gln Gly Met Lys Gln Ala Leu Ala Ser
2240 2245 2250

Leu Ser Glu Ala Glu Arg Ala Glu Leu Leu Lys Gly Leu
2255 2260 2265

<210> SEQ ID NO 13

<211> LENGTH: 1449

<212> TYPE: DNA

<213> ORGANISM: Yarrowia lipolytica

<400> SEQUENCE: 13
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-continued
atggtgaaaa acgtggacca agtggatctc tcgcaggtcg acaccattgce ctceggccga 60
gatgtcaact acaaggtcaa gtacacctcc ggcegttaaga tgagccaggg cgcctacgac 120
gacaagggcce gccacatttce cgagcagccc ttcacctggg ccaactggca ccagcacatc 180
aactggctca acttcattct ggtgattgeg ctgcctetgt cgtectttge tgcegctccce 240
ttcgtectect tcaactggaa gaccgccgeg tttgctgteg gctattacat gtgcaccggt 300
ctcggtatca cecgceggcta ccaccgaatg tgggcccatce gagcctacaa ggccgctcetg 360
ccecgttegaa tcatccttge tetgtttgga ggaggagetg tcegagggcetce catccgatgg 420
tgggecctegt ctcaccgagt ccaccaccga tggaccgact ccaacaagga cccttacgac 480
gcccgaaagg gattctggtt ctcccacttt ggetggatge tgettgtgec caaccccaag 540
aacaagggcc gaactgacat ttctgacctc aacaacgact gggttgtccg actccagcac 600
aagtactacg tttacgttct cgtcttcatg gccattgtte tgcccaccct cgtctgtgge 660
tttggetggg gcgactggaa gggaggtctt gtctacgceg gtatcatgeg atacaccttt 720
gtgcagcagg tgactttctg tgtcaactcc cttgcccact ggattggaga gcagcccttce 780
gacgaccgac gaactccccg agaccacgct cttaccgecce tggtcacctt tggagaggge 840
taccacaact tccaccacga gttccccteg gactaccgaa acgccctcat ctggtaccag 900
tacgacccca ccaagtggct catctggacce ctcaagcagg ttggtctcege ctgggacctce 960

cagaccttet cccagaacgce catcgagcag ggtctegtge agcagcgaca gaagaagcetg 1020
gacaagtggc gaaacaacct caactggggt atccccattg agcagctgcec tgtcattgag 1080
tttgaggagt tccaagagca ggccaagacc cgagatctgg ttctcattte tggcattgte 1140
cacgacgtgt ctgcctttgt cgagcaccac cctggtggaa aggccctcat tatgagcgcece 1200
gtcggcaagg acggtaccge tgtcecttcaac ggaggtgtcet accgacactc caacgctgge 1260
cacaacctgce ttgccaccat gcgagtttcg gtcattcgag geggcatgga ggttgaggtg 1320
tggaagactg cccagaacga aaagaaggac cagaacattyg tctccgatga gagtggaaac 1380
cgaatccacc gagctggtcet ccaggccacce cgggtcgaga accccggtat gtcectggcatg 1440
gctgcttag 1449
<210> SEQ ID NO 14

<211> LENGTH: 482

<212> TYPE: PRT

<213> ORGANISM: Yarrowia lipolytica

<400> SEQUENCE: 14

Met Val Lys Asn Val Asp Gln Val Asp Leu Ser Gln Val Asp Thr Ile
1 5 10 15

Ala Ser Gly Arg Asp Val Asn Tyr Lys Val Lys Tyr Thr Ser Gly Val
20 25 30

Lys Met Ser Gln Gly Ala Tyr Asp Asp Lys Gly Arg His Ile Ser Glu
35 40 45

Gln Pro Phe Thr Trp Ala Asn Trp His Gln His Ile Asn Trp Leu Asn
50 55 60

Phe Ile Leu Val Ile Ala Leu Pro Leu Ser Ser Phe Ala Ala Ala Pro
65 70 75 80

Phe Val Ser Phe Asn Trp Lys Thr Ala Ala Phe Ala Val Gly Tyr Tyr
85 90 95

Met Cys Thr Gly Leu Gly Ile Thr Ala Gly Tyr His Arg Met Trp Ala
100 105 110
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102

Phe

His

145

Ala

Pro

Asp

Phe

Asp

225

Glu

Ala

Pro

Lys

305

Gln

Gln

Ile

Lys

Ala

385

Ser

Arg

Lys

Ala
465

Ala

<210>
<211>
<212>
<213>

<400>

Arg

Gly

130

Arg

Arg

Asn

Trp

Met

210

Trp

Gln

Gln

Leu

Ser

290

Trp

Thr

Lys

Glu

Thr

370

Phe

Gly

Asn

Gly

Asp

450

Gly

Ala

Ala

115

Gly

Val

Lys

Pro

Val

195

Ala

Lys

Gln

Pro

Val

275

Asp

Leu

Phe

Lys

Gln

355

Arg

Val

Lys

Ala

Gly

435

Gln

Leu

Tyr

Gly

His

Gly

Lys

180

Val

Ile

Gly

Val

Phe

260

Thr

Tyr

Ile

Ser

Leu

340

Leu

Asp

Glu

Asp

Gly

420

Met

Asn

Gln

SEQUENCE :

Lys

Ala

His

Phe

165

Asn

Arg

Val

Gly

Thr

245

Asp

Phe

Arg

Trp

Gln

325

Asp

Pro

Leu

His

Gly

405

His

Glu

Ile

Ala

SEQ ID NO 15
LENGTH:
TYPE: DNA
ORGANISM: Yarrowia lipolytica

1953

15

Ala

Val

Arg

150

Trp

Lys

Leu

Leu

Leu

230

Phe

Asp

Gly

Asn

Thr

310

Asn

Lys

Val

Val

His

390

Thr

Asn

Val

Val

Thr
470

Ala

Glu

135

Trp

Phe

Gly

Gln

Pro

215

Val

Cys

Arg

Glu

Ala

295

Leu

Ala

Trp

Ile

Leu

375

Pro

Ala

Leu

Glu

Ser
455

Arg

Leu

120

Gly

Thr

Ser

Arg

His

200

Thr

Tyr

Val

Arg

Gly

280

Leu

Lys

Ile

Arg

Glu

360

Ile

Gly

Val

Leu

Val

440

Asp

Val

Pro

Ser

Asp

His

Thr

185

Lys

Leu

Ala

Asn

Thr

265

Tyr

Ile

Gln

Glu

Asn

345

Phe

Ser

Gly

Phe

Ala

425

Trp

Glu

Glu

Val

Ile

Ser

Phe

170

Asp

Tyr

Val

Gly

Ser

250

Pro

His

Trp

Val

Gln

330

Asn

Glu

Gly

Lys

Asn

410

Thr

Lys

Ser

Asn

Arg

Arg

Asn

155

Gly

Ile

Tyr

Cys

Ile

235

Leu

Arg

Asn

Tyr

Gly

315

Gly

Leu

Glu

Ile

Ala

395

Gly

Met

Thr

Gly

Pro
475

Ile

Trp

140

Lys

Trp

Ser

Val

Gly

220

Met

Ala

Asp

Phe

Gln

300

Leu

Leu

Asn

Phe

Val

380

Leu

Gly

Arg

Ala

Asn
460

Gly

Ile

125

Trp

Asp

Met

Asp

Tyr

205

Phe

Arg

His

His

His

285

Tyr

Ala

Val

Trp

Gln

365

His

Ile

Val

Val

Gln

445

Arg

Met

Leu

Ala

Pro

Leu

Leu

190

Val

Gly

Tyr

Trp

Ala

270

His

Asp

Trp

Gln

Gly

350

Glu

Asp

Met

Tyr

Ser

430

Asn

Ile

Ser

Ala

Ser

Tyr

Leu

175

Asn

Leu

Trp

Thr

Ile

255

Leu

Glu

Pro

Asp

Gln

335

Ile

Gln

Val

Ser

Arg

415

Val

Glu

His

Gly

Leu

Ser

Asp

160

Val

Asn

Val

Gly

Phe

240

Gly

Thr

Phe

Thr

Leu

320

Arg

Pro

Ala

Ser

Ala

400

His

Ile

Lys

Arg

Met
480
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-continued
atgtctgcca acgagaacat ctcccgattc gacgcccctg tgggcaagga gcaccccgcc 60
tacgagctct tccataacca cacacgatct ttcegtctatg gtctccagec tcgagectge 120
cagggtatgc tggacttcga cttcatctgt aagcgagaga acccctccgt ggceggtgtce 180
atctatccct tecggeggeca gttcegtcacce aagatgtact ggggcaccaa ggagactcett 240
ctccctgtet accagcaggt cgagaaggcc gctgccaage accccgaggt cgatgtegtg 300
gtcaactttg cctectecteg atcegtctac tcectctacca tggagetget cgagtacccc 360
cagttccgaa ccatcgccat tattgccgag ggtgtccceg agcgacgagce ccgagagatc 420
ctccacaagg cccagaagaa gggtgtgacc atcattggte ccgctaccgt cggaggtatc 480
aagcccggtt gcttcaaggt tggaaacacc ggaggtatga tggacaacat tgtcgectcce 540
aagctctacc gacccecggcte cgttgectac gtctccaagt ccggaggaat gtccaacgag 600
ctgaacaaca ttatctctca caccaccgac ggtgtctacg agggtattgce tattggtggt 660
gaccgatacc ctggtactac cttcattgac catatcctge gatacgaggc cgaccccaag 720
tgtaagatca tcgtcctcect tggtgaggtt ggtggtgttg aggagtaccg agtcatcgag 780
gctgttaaga acggccagat caagaagccc atcgtcegett gggccattgg tacttgtgec 840
tccatgttca agactgaggt tcagttcgge cacgccgget ccatggccaa ctccgacctg 900
gagactgcca aggctaagaa cgccgccatg aagtctgetg gettctacgt ccccgatacc 960

ttcgaggaca tgcccgaggt ccttgccgag ctctacgaga agatggtcge caagggcgag 1020
ctgtctcegaa tctctgagec tgaggtccce aagatcccca ttgactacte ttgggcccag 1080
gagcttggte ttatccgaaa gcccgctget ttcatctcca ctattteccga tgaccgaggce 1140
caggagcttc tgtacgctgg catgcccatt tccgaggttt tcaaggagga cattggtatce 1200
ggcggtgtceca tgtctectgcect gtggttecga cgacgactcec ccgactacgce ctceccaagttt 1260
cttgagatgg ttctcatgcect tactgctgac cacggtccecg ccgtatccgg tgccatgaac 1320
accattatca ccacccgagce tggtaaggat ctcatttett cecctggttge tggtctectg 1380
accattggta cccgattegg aggtgctctt gacggtgcetg ccaccgagtt caccactgece 1440
tacgacaagg gtctgtccee ccgacagttce gttgatacca tgcgaaagca gaacaagctg 1500
attcctggta ttggccatcg agtcaagtct cgaaacaacc ccgatttcecg agtcgagett 1560
gtcaaggact ttgttaagaa gaacttcccc tccacccage tgctcgacta cgececttget 1620
gtcgaggagg tcaccacctce caagaaggac aacctgattc tgaacgttga cggtgctatt 1680
gctgtttett ttgtcgatct catgcgatct tgcggtgcect ttactgtgga ggagactgag 1740
gactacctca agaacggtgt tctcaacggt ctgttecgtte tceggtcgatce cattggtcetce 1800
attgcccacce atctcgatca gaagcgactc aagaccggtce tgtaccgaca tcecttgggac 1860
gatatcacct acctggttgg ccaggaggct atccagaaga agcgagtcga gatcagcegec 1920

ggcgacgttt ccaaggccaa gactcgatca tag 1953
<210> SEQ ID NO 16

<211> LENGTH: 650

<212> TYPE: PRT

<213> ORGANISM: Yarrowia lipolytica

<400> SEQUENCE: 16

Met Ser Ala Asn Glu Asn Ile Ser Arg Phe Asp Ala Pro Val Gly Lys
1 5 10 15

Glu His Pro Ala Tyr Glu Leu Phe His Asn His Thr Arg Ser Phe Val
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106

Tyr

Ile

Gly

65

Leu

Thr

Ala

Gln

145

Lys

Ile

Lys

Thr

Gly

225

Cys

Arg

Ala

Phe

Ala

305

Phe

Ala

Pro

Ala

Tyr
385
Gly

Ala

Pro

Gly

Cys

50

Gly

Pro

Asp

Met

Glu

130

Lys

Pro

Val

Ser

Asp

210

Thr

Lys

Val

Trp

Gly

290

Lys

Glu

Lys

Ile

Ala

370

Ala

Gly

Ser

Ala

Leu

35

Lys

Gln

Val

Val

Glu

115

Gly

Lys

Gly

Ala

Gly

195

Gly

Thr

Ile

Ile

Ala

275

His

Asn

Asp

Gly

Asp

355

Phe

Gly

Val

Lys

Val
435

20

Gln

Arg

Phe

Tyr

Val

100

Leu

Val

Gly

Cys

Ser

180

Gly

Val

Phe

Ile

Glu

260

Ile

Ala

Ala

Met

Glu

340

Tyr

Ile

Met

Met

Phe
420

Ser

Pro

Glu

Val

Gln

85

Val

Leu

Pro

Val

Phe

165

Lys

Met

Tyr

Ile

Val

245

Ala

Gly

Gly

Ala

Pro

325

Leu

Ser

Ser

Pro

Ser
405

Leu

Gly

Arg

Asn

Thr

70

Gln

Asn

Glu

Glu

Thr

150

Lys

Leu

Ser

Glu

Asp

230

Leu

Val

Thr

Ser

Met

310

Glu

Ser

Trp

Thr

Ile

390

Leu

Glu

Ala

Ala

Pro

55

Lys

Val

Phe

Tyr

Arg

135

Ile

Val

Tyr

Asn

Gly

215

His

Leu

Lys

Cys

Met

295

Lys

Val

Arg

Ala

Ile

375

Ser

Leu

Met

Met

Cys

40

Ser

Met

Glu

Ala

Pro

120

Arg

Ile

Gly

Arg

Glu

200

Ile

Ile

Gly

Asn

Ala

280

Ala

Ser

Leu

Ile

Gln

360

Ser

Glu

Trp

Val

Asn
440

25

Gln

Val

Tyr

Lys

Ser

105

Gln

Ala

Gly

Asn

Pro

185

Leu

Ala

Leu

Glu

Gly

265

Ser

Asn

Ala

Ala

Ser

345

Glu

Asp

Val

Phe

Leu
425

Thr

Gly

Ala

Trp

Ala

Ser

Phe

Arg

Pro

Thr

170

Gly

Asn

Ile

Arg

Val

250

Gln

Met

Ser

Gly

Glu

330

Glu

Leu

Asp

Phe

Arg
410

Met

Ile

Met

Gly

Gly

75

Ala

Arg

Arg

Glu

Ala

155

Gly

Ser

Asn

Gly

Tyr

235

Gly

Ile

Phe

Asp

Phe

315

Leu

Pro

Gly

Arg

Lys

395

Arg

Leu

Ile

Leu

Val

60

Thr

Ala

Ser

Thr

Ile

140

Thr

Gly

Val

Ile

Gly

220

Glu

Gly

Lys

Lys

Leu

300

Tyr

Tyr

Glu

Leu

Gly

380

Glu

Arg

Thr

Thr

Asp

45

Ile

Lys

Lys

Val

Ile

125

Leu

Val

Met

Ala

Ile

205

Asp

Ala

Val

Lys

Thr

285

Glu

Val

Glu

Val

Ile

365

Gln

Asp

Leu

Ala

Thr
445

30

Phe

Tyr

Glu

His

Tyr

110

Ala

His

Gly

Met

Tyr

190

Ser

Arg

Asp

Glu

Pro

270

Glu

Thr

Pro

Lys

Pro

350

Arg

Glu

Ile

Pro

Asp
430

Arg

Asp

Pro

Thr

Pro

95

Ser

Ile

Lys

Gly

Asp

175

Val

His

Tyr

Pro

Glu

255

Ile

Val

Ala

Asp

Met

335

Lys

Lys

Leu

Gly

Asp

415

His

Ala

Phe

Phe

Leu

80

Glu

Ser

Ile

Ala

Ile

160

Asn

Ser

Thr

Pro

Lys

240

Tyr

Val

Gln

Lys

Thr

320

Val

Ile

Pro

Leu

Ile
400
Tyr

Gly

Gly
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108

Lys Asp Leu
450

Arg Phe Gly
465

Tyr Asp Lys

Gln Asn Lys

Asn Pro Asp

515

Phe Pro Ser
530

Thr Thr Ser
545

Ala Val Ser

Glu Glu Thr

595

Arg Leu Lys
610

Leu Val Gly
625

Gly Asp Val

<210> SEQ I
<211> LENGT.
<212> TYPE:

Ile Ser Ser Leu Val

455

Gly Ala Leu Asp Gly
470

Gly Leu Ser Pro Arg

485

Leu Ile Pro Gly Ile

500

Phe Arg Val Glu Leu

520

Thr Gln Leu Leu Asp

535

Lys Lys Asp Asn Leu
550

Phe Val Asp Leu Met

565

Glu Asp Tyr Leu Lys

580

Arg Ser Ile Gly Leu

600

Thr Gly Leu Tyr Arg

615

Gln Glu Ala Ile Gln
630

Ser Lys Ala Lys Thr

645
D NO 17
H: 1494

DNA

Ala

Ala

Gln

Gly

505

Val

Tyr

Ile

Arg

Asn

585

Ile

His

Lys

Arg

<213> ORGANISM: Yarrowia lipolytica

<400> SEQUENCE: 17

atgtcagcga

aaggcgeecg

ctggegtete

aagacctacc

atcaagcgac

cectggateg

cgaacgttee

atccacteeg

ggcgacgtgg

cecctecaacy

accetgeteg

ctggagatca

gatcttgeceyg

gegeggtece

tccategacy

gaggaggegt

aatccattca

tgtgggccga

tgacgttega

cctggetget

daggcaaggce

ccgagcgggce

tggtcgagec

tgcgagaggg

acgccaagge

ccacgetcac

acttcatcaa

accceetggt

gcaagctcga

cegecgetet

ceggeccage

acattgcgga

cgaggccgac

gcagcagece

ggacggcgtyg

ggagtccggc

cggectgetyg

cgccaagecc

ctttgtgece

cgactggatce

cgccaagatce

caaggagctyg

ceggetetac

cgtgatccce

ccagaccgea

gggccaggtc

catggtctte

getegattee

Gly

Ala

Phe

490

His

Lys

Ala

Leu

Ser

570

Gly

Ala

Pro

Lys

Ser
650

Leu

Thr

475

Val

Arg

Asp

Leu

Asn

555

Cys

Val

His

Trp

Arg
635

ggcaaggccce

atcaacacgt

gececegage

gccaagttty

gtactcaaca

atcaacgtgg

cacgaccaga

ctcttctacce

ctcatcceeg

ctggcacacyg

geegtcetacy

accgcccagyg

gagtttgagt

gtcaccattyg

ccecgetectt

aagaccggag

Leu Thr Ile
460

Glu Phe Thr

Asp Thr Met

Val Lys Ser

510

Phe Val Lys
525

Ala Val Glu
540

Val Asp Gly

Gly Ala Phe

Leu Asn Gly

590

His Leu Asp
605

Asp Asp Ile
620

Val Glu Ile

tgctcgcaca
ttgaaatggyg
agatcttege
tggccaagece
agtcgtggga
agggcattga
agcacgagta
acgagggagg
ttgacattga
tgcccgagga
tcgatctgea
gegtecgaggt
geggecccaa
acgceggete
tcggtegaga

cttectetgaa

Gly Thr

Thr Ala
480

Arg Lys
495

Arg Asn

Lys Asn

Glu Val

Ala Ile
560

Thr Val
575

Leu Phe

Gln Lys

Thr Tyr

Ser Ala
640

ctttetgtec
cacacccaag
cgcegetgaa
cgaccagete
ggagtgcaag
cggagtgetyg
ctacatcaac
agtcgacgtce
gaacgagtac
ccagcaccag
gtttacgtat
ccactaccty
gtgggetget
caccaaggtyg
getgtecaag

getgactgtt

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960
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ctcaatgcca agggccgaat ctggaccctt gtggctggtg gaggagcctce cgtegtcetac 1020
gccgacgeca ttgegtectge cggetttget gacgagcteg ccaactacgg cgagtactcet 1080
ggegetcecca acgagaccca gacctacgag tacgccaaaa ccgtactgga tctcatgacce 1140
cggggcgacg ctcacccega gggcaaggta ctgttcattg gecggaggaat cgccaactte 1200
acccaggttg gatccacctt caagggcatc atccgggect tccgggacta ccagtcecttcet 1260
ctgcacaacc acaaggtgaa gatttacgtg cgacgaggeyg gtceccaactyg gcaggagggt 1320
ctgcggttga tcaagtcggce tggcgacgag ctgaatctge ccatggagat ttacggcccce 1380
gacatgcacg tgtcgggtat tgttcctttg gectctgcecttyg gaaagcggcece caagaatgtce 1440
aagccttttg gecaccggacce ttctactgag gcttccacte ctctecggagt ttaa 1494

<210> SEQ I
<211> LENGT.
<212> TYPE:
<213> ORGAN

D NO 18
H: 497
PRT

ISM: Yarrowia lipolytica

<400> SEQUENCE: 18

Met Ser Ala
1

His Phe Leu
Thr Phe Glu
35

Gly Val Ala

Trp Leu Leu
65

Ile Lys Arg

Glu Glu Cys

Val Glu Gly
115

Val Pro His
130

Arg Glu Gly
145

Gly Asp Val

Glu Asn Glu

His Val Pro
195

Leu Tyr Ala
210

Pro Leu Val
225
Asp Leu Ala

Lys Trp Ala

Ile Asp Ala

Lys Ser Ile His Glu

Ser Lys Ala Pro Val

20

Met Gly Thr Pro Lys

40

Pro Glu Gln Ile Phe

Glu Ser Gly Ala Lys

70

Arg Gly Lys Ala Gly

85

Lys Pro Trp Ile Ala

100

Ile Asp Gly Val Leu

120

Asp Gln Lys His Glu

135

Asp Trp Ile Leu Phe
150

Asp Ala Lys Ala Ala

165

Tyr Pro Ser Asn Ala

180

Glu Asp Gln His Gln

200

Val Tyr Val Asp Leu

215

Val Ile Pro Thr Ala
230

Gly Lys Leu Asp Gln

245

Ala Ala Arg Ser Pro

260

Gly Ser Thr Lys Val

Ala

Trp

25

Leu

Ala

Phe

Leu

Glu

105

Arg

Tyr

Tyr

Lys

Thr

185

Thr

Gln

Gln

Thr

Ala
265

Ser

Asp

10

Ala

Ala

Ala

Val

Leu

90

Arg

Thr

Tyr

His

Ile

170

Leu

Leu

Phe

Gly

Ala
250

Ala

Ile

Gly

Glu

Ser

Ala

Ala

75

Val

Ala

Phe

Ile

Glu

155

Leu

Thr

Leu

Thr

Val
235
Glu

Leu

Asp

Lys Ala Leu
Gln Gln Pro
30

Leu Thr Phe
45

Glu Lys Thr
60

Lys Pro Asp

Leu Asn Lys

Ala Lys Pro
110

Leu Val Glu
125

Asn Ile His
140

Gly Gly Val

Ile Pro Val

Lys Glu Leu
190

Asp Phe Ile
205

Tyr Leu Glu
220

Glu Val His

Phe Glu Cys

Gly Gln Val

270

Ala Gly Pro

Leu Ala
15

Ile Asn

Glu Asp

Tyr Pro

Gln Leu
80

Ser Trp
95

Ile Asn

Pro Phe

Ser Val

Asp Val
160

Asp Ile
175

Leu Ala

Asn Arg

Ile Asn

Tyr Leu

240

Gly Pro
255

Val Thr

Ala Met
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275 280 285
Val Phe Pro Ala Pro Phe Gly Arg Glu Leu Ser Lys Glu Glu Ala Tyr
290 295 300
Ile Ala Glu Leu Asp Ser Lys Thr Gly Ala Ser Leu Lys Leu Thr Val
305 310 315 320
Leu Asn Ala Lys Gly Arg Ile Trp Thr Leu Val Ala Gly Gly Gly Ala
325 330 335
Ser Val Val Tyr Ala Asp Ala Ile Ala Ser Ala Gly Phe Ala Asp Glu
340 345 350
Leu Ala Asn Tyr Gly Glu Tyr Ser Gly Ala Pro Asn Glu Thr Gln Thr
355 360 365
Tyr Glu Tyr Ala Lys Thr Val Leu Asp Leu Met Thr Arg Gly Asp Ala
370 375 380
His Pro Glu Gly Lys Val Leu Phe Ile Gly Gly Gly Ile Ala Asn Phe
385 390 395 400
Thr Gln Val Gly Ser Thr Phe Lys Gly Ile Ile Arg Ala Phe Arg Asp
405 410 415
Tyr Gln Ser Ser Leu His Asn His Lys Val Lys Ile Tyr Val Arg Arg
420 425 430
Gly Gly Pro Asn Trp Gln Glu Gly Leu Arg Leu Ile Lys Ser Ala Gly
435 440 445
Asp Glu Leu Asn Leu Pro Met Glu Ile Tyr Gly Pro Asp Met His Val
450 455 460
Ser Gly Ile Val Pro Leu Ala Leu Leu Gly Lys Arg Pro Lys Asn Val
465 470 475 480
Lys Pro Phe Gly Thr Gly Pro Ser Thr Glu Ala Ser Thr Pro Leu Gly
485 490 495
Val
<210> SEQ ID NO 19
<211> LENGTH: 406
<212> TYPE: DNA
<213> ORGANISM: Yarrowia lipolytica
<400> SEQUENCE: 19
agagaccggg ttggeggege atttgtgtece caaaaaacag ccccaattge cccaattgac 60
cccaaattga cccagtagcg ggcccaaccce cggcgagage cccecttetece ccacatatca 120
aacctcccee ggtteccaca cttgcegtta agggegtagg gtactgcagt ctggaatcta 180
cgettgttea gactttgtac tagtttettt gtetggecat cegggtaacce catgecggac 240
gcaaaataga ctactgaaaa tttttttgct ttgtggttgg gactttagcc aagggtataa 300
aagaccaccg tccccgaatt acctttecte ttettttete tetctecttyg tcaactcaca 360
cccgaaatcg ttaagcattt ccttctgagt ataagaatca ttcaaa 406
<210> SEQ ID NO 20
<211> LENGTH: 122
<212> TYPE: DNA
<213> ORGANISM: Yarrowia lipolytica
<400> SEQUENCE: 20
gtgagtttca gaggcagcag caattgccac gggctttgag cacacggecg ggtgtggtec 60
cattcccate gacacaagac gccacgtcat ccgaccagea ctttttgcag tactaaccge 120
ag 122
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<210> SEQ ID NO 21
<211> LENGTH: 531
<212> TYPE: DNA
<213> ORGANISM: Yarrowia lipolytica
<400> SEQUENCE: 21
agagaccggg ttggeggege atttgtgtece caaaaaacag ccccaattge cccaattgac 60
cccaaattga cccagtagcg ggcccaaccce cggcgagage cccecttetece ccacatatca 120
aacctcccee ggtteccaca cttgcegtta agggegtagg gtactgcagt ctggaatcta 180
cgettgttea gactttgtac tagtttettt gtetggecat cegggtaacce catgecggac 240
gcaaaataga ctactgaaaa tttttttgct ttgtggttgg gactttagcc aagggtataa 300
aagaccaccg tccccgaatt acctttecte ttettttete tetctecttyg tcaactcaca 360
cccgaaateg ttaagcattt ccttctgagt ataagaatca ttcaaaatgyg tgagtttcag 420
aggcagcagce aattgccacg ggctttgage acacggcegg gtgtggtcece attceccatcg 480
acacaagacg ccacgtcatc cgaccagcac tttttgcagt actaaccgca g 531
<210> SEQ ID NO 22
<211> LENGTH: 26
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Oligonucleotide primer
<400> SEQUENCE: 22
aatgactgct aacccttect tggtgt 26
<210> SEQ ID NO 23
<211> LENGTH: 40
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Oligonucleotide primer
<400> SEQUENCE: 23
ctggtetagg tggatcctta ctcagggecyg tcaatgagac 40
<210> SEQ ID NO 24
<211> LENGTH: 31
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Oligonucleotide primer
<400> SEQUENCE: 24
aatgccttcet attaagttga actctggtta ¢ 31
<210> SEQ ID NO 25
<211> LENGTH: 45
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Oligonucleotide primer
<400> SEQUENCE: 25
ctaggtctta ctggatcctt agacgaagat aggaatcttyg tccca 45

<210> SEQ ID NO 26

<211> LENGTH: 57

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
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<220> FEATURE:
<223> OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 26

taaccgcage atcatcacca tcaccaccct tctattaagt tgaactctgg ttacgac 57

<210> SEQ ID NO 27

<211> LENGTH: 40

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 27

cttacaggta ccttagacga agataggaat cttgtcccag 40

<210> SEQ ID NO 28

<211> LENGTH: 18

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 28

tccaggecgt cctetcece 18

<210> SEQ ID NO 29

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 29

ggccagccat atcgagtcge a 21

<210> SEQ ID NO 30

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 30

aaggagtggg ctggatgga 19

<210> SEQ ID NO 31

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 31

ggtctctegg gtagggatct tg 22

<210> SEQ ID NO 32

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 32

atggaggaat cggcgactt 19
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<210> SEQ ID NO 33

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 33

accacctete cggcacttt

<210> SEQ ID NO 34

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 34

aacggaggag tggtcaageg a

<210> SEQ ID NO 35

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 35

ttatggggaa gtagcggcca a

<210> SEQ ID NO 36

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 36

ctccaagttyg ggtteegttg ¢

<210> SEQ ID NO 37

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 37

gegacagcag cagccaaaag a

<210> SEQ ID NO 38

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 38

aggctatcge tgctaagecac gg

<210> SEQ ID NO 39

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide primer

19

21

21

21

21

22
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<400> SEQUENCE: 39

tttggaatga tggcaatgece tc

<210> SEQ ID NO 40

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 40

cagctcaagg gcatcattet gg

<210> SEQ ID NO 41

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 41

tgcggcaagt cgtcectcaaa

<210> SEQ ID NO 42

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 42

cttegaaccg cctacctgge ta

<210> SEQ ID NO 43

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 43

tgggctggaa catggttcga

<210> SEQ ID NO 44

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 44

caccgettte gecattget

<210> SEQ ID NO 45

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 45

gggctecttyg agettgaact cc

<210> SEQ ID NO 46

22

22

20

22

20

19

22
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<211> LENGTH: 22
<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Oligonucleotide primer
<400> SEQUENCE: 46

ctgtggtgte gtcaacgact cc

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 47

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Oligonucleotide primer
<400>

SEQUENCE: 47

getcaatgge gtaaggagtg g

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 48

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Oligonucleotide primer
<400>

SEQUENCE: 48

tactctcceg aggacattge ¢

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 49

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Oligonucleotide primer

<400> SEQUENCE: 49

cagcttgaag agettgtecag cc

22

21

21

22

The invention claimed is:

1. An isolated oleaginous cell comprising a nucleic acid
construct that increases expression of:

a xylose reductase (XYL1) gene product and a xylitol

dehydrogenase (XYL.2) gene product;

wherein the nucleic acid construct comprises an intron and

(a) an expression cassette comprising a nucleic acid
sequence encoding the XYL1 and XYL2 gene prod-
ucts under the control of a suitable homologous or
heterologous promoter, and/or

(b) a nucleic acid sequence that modulates the level of
expression of the XYL1 and XYL2 gene products
when inserted into the genome of the cell.

2. The isolated oleaginous cell of claim 1, further compris-
ing a genetic modification that increases expression of a xylu-
lokinase (XYL3) gene product.

3. The isolated oleaginous cell of claim 1, further compris-
ing a genetic modification that increases expression of a dia-
cylglycerol acyltransferase (DGA) gene product, an acetyl-
coA carboxylase (ACC) gene product, a stearoyl-CoA-
desaturase (SCD) gene product, and/or an ATP-citrate lyase
(ACL) gene product.

4. The isolated oleaginous cell of claim 1, wherein the
intron is downstream of a transcription initiation site of the
nucleic acid sequence encoding one or more of the gene
products.

40

45

50

55

60

65

5. The isolated oleaginous cell of claim 4, wherein the
intron is within the nucleic acid sequence encoding one or
more of the XYL.1 and XYL.2 gene products.

6. The isolated oleaginous cell of claim 1, wherein the
nucleic acid construct inhibits or disrupts the natural regula-
tion of a native gene encoding the XYL.1 and XYL.2 gene
products resulting in overexpression of the native gene.

7. The isolated oleaginous cell of claim 1, wherein the
increased expression of the XYL1 and XYL2 gene products
confers a beneficial phenotype for the conversion of a carbon
source to a fatty acid, fatty acid derivative and/or triacylglyc-
erol (TAG) to the cell.

8. The isolated oleaginous cell of claim 7, wherein the
beneficial phenotype is a modified fatty acid profile, a modi-
fied TAG profile, an increased fatty acid and/or triacylglyc-
erol synthesis rate, an increase conversion yield, an increased
triacylglycerol accumulation in the cell, and/or an increased
triacylglycerol accumulation in a lipid body of the cell.

9. The isolated oleaginous cell of claim 8, wherein the
synthesis rate, yield or accumulation of a fatty acid or a TAG
of'the cell is at least 2-fold increased as compared to unmodi-
fied cells of the same cell type.

10. The isolated oleaginous cell of claim 7, wherein the cell
converts a carbon source to a fatty acid or a TAG at a conver-
sion rate within the range of about 0.025 g/g to about 0.32g/g
(g TAG produced/g Glucose consumed).
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11. The isolated oleaginous cell of claim 1, wherein the cell
is an oleaginous yeast cell.

12. The isolated oleaginous cell of claim 1, wherein the cell
is a Yarrowia lipolytica cell, a Hansenula polymorpha cell, a
Pichia pastoris cell, a Saccharomyces cerevisiae cell, a S.
bayanus cell, a S. K. lactis cell, a Waltomyces lipofer cell, a
Mortierella alpine cell, a Mortierella isabellina cell, a
Hansenula polymorpha cell, a Mucor rouxii cell, a Trichos-
poron cutaneu cell, a Rhodotorula glutinis cell, a Saccharo-
myces diastasicus cell, a Schwanniomyces occidentalis cell, a
S. cerevisiae cell, a Pichia stipitis cell, or a Schizosaccharo-
myces pombe cell.

13. A culture, comprising the oleaginous cell of claim 1.

14. The culture of claim 13, further comprising a carbon
source.

15. The culture of claim 14, wherein the carbon source
comprises a fermentable sugar.

16. A method, comprising

contacting a carbon source with an isolated oleaginous cell

of claim 1, and

5

10

15

incubating the carbon source contacted with the cell under 20

conditions suitable for at least partial conversion of the
carbon source into a fatty acid or a triacylglycerol by the
cell.

124

17. The method of claim 16, wherein the carbon source is
a fermentable sugar.
18. The method of claim 17, wherein the fermentable sugar
is a C5 and/or a C6 sugar.
19. A method for increasing production of fatty acid or
triacylglycerol by an oleaginous cell, comprising
culturing the oleaginous cell of claim 1 with at least two
types of carbon sources,
wherein the first type of carbon source contains or is
xylose, and
wherein the second type of carbon source is a carbon
source other than xylose,

whereby the production of fatty acid or triacylglycerol by
the oleaginous cell is improved relative to culturing the
cell or the culture without the second type of carbon
source.

20. The method of claim 19, wherein the second type of
carbon source contains or is a C2 carbon source, a C3 carbon

source, a CS carbon source other than xylose or a C6 carbon
source.
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